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vVoorwoord
Januari 1995, ik was net verhuisd van Groningen naar Delft en het leven ging
grotendeels aan mij voorbij. Alleen een slaapkamer in mijn woning was bewoonbaar
en naast de televisie was de computer het enige technisch hoogwaardig apparaat dat
voorhanden was. Die computer had ik nog vlak voor kerst gekocht om dit boekje en
nog wat artikelen te schrijven. Mijn dagelijkse routine bestond in grote lijnen uit
opstaan, werken, klussen, schrijven en weer naar bed. Op dat moment dacht ik nog
dat dit boekje er binnen e jaar wel zou zijn. Dat bleek dus een kleine misrekening.
Het werk bij Gist-brocades vroeg steeds meer tijd en energie. Groningen lag in
Verweggistan en het Westen bood de nodige afleiding. Kortom, mijn motivatie nam
snel af en het schrijven ging steeds langzamer en met grotere tussenpozen. 
Peptalk van vrienden (Berend:” ik heb nog 2 cm ruimte op mijn boekenplank
daar past jouw boekje mooi in”) en familie en aansporingen van mijn promotors
werkten maar tijdelijk. Toen het veel langer ging duren kregen vragen naar hoe het
er voor stond steeds meer een ondertoon van: “Is dit misschien een pijnlijk
onderwerp?”. Het was voor iedereen duidelijk dat dit boekje niet bepaald een van
mijn favoriete gespreksonderwerpen was. Maar, zoals jullie zien zijn al die
aanmoedigingen (in welke vorm dan ook) niet voor niets geweest. In dit verband
wil ik speciaal bedanken: Erwin en Miriam (voor alle vriendschap, gastvrijheid en
het gebruik van de computer), Lia en Maria (voor speciale vriendschap, een
luisterend oor en wijze woorden vooral tijdens depressieve momenten), Petra (voor
mailtjes over de voortgang, nakijkwerk, zorgen voor formulieren en nog veel meer),
Jean-Marc en Lisette (vooral voor het gebruik van de printer op de meest vreemde
tijdstippen) en Mart (voor het zorgvuldig controleren van hoofdstuk 1, 7 en 8).  
Dan mijn promotieperiode in Groningen. De meeste promovendi moeten het
met één promotor doen, ik heb er maar liefst twee. Wil en Arnold ik wil jullie beide
bedanken voor het geduld en alle energie en tijd die jullie in mij gestoken hebben.
Wil, ik vond het heel fijn dat ik deel mocht uitmaken van een fantastisch
werkgroep. Arnold bedankt voor de directe begeleiding en het flitsende nakijkwerk.
Dit boekje was nooit verschenen zonder het werk dat Si p en vooral Hanneke verzet
hebben. Siep (de best geklede man van het lab), jij hebt mij meegeholpen bij het
begin van dit onderzoek en zo de basis gelegd. Hanneke, jouw bijdrage aan dit
boekje kan ik niet overschatten. Ik wil jou niet alleen bedanken voor al het werk dat
jij gedan hebt maar vooral ook voor de goede en plezierige samenwerking. Verder
mogen hier de namen niet ontbreken van Klaas Sjollema en Jan Zagers die fraaie
electronenmicroscopische plaatjes wisten te maken. Verder wil ik iedereen van het
Biologisch Centrum en met name binnen de vakgroep Microbiologie bedanken voor
alle hulp en de hele fijne tijd die ik daar gehad heb (Ik ga geen waslijsten aan namen
opsommen, iedereen die mij een beetje kent weet dat ik dan toch wel een paar
vergeet).
Natuurlijk werd er heel wat gesport tijdens mijn promotieperiode: vooral
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volleyballen, hardlopen en incidenteel nog wat squash. Het volleyballen op de
dinsdagavond met een kleurrijk gezelschap was voor mij altijd een waar genoegen.
Het werd opgefleurd met bijzondere (voor mij tot dan toe onbekende) technieken,
uitschuifbare l dematen (“my flexible friend”) en uitermate gevaarlijke acties van
tengere mannetjes (wie wist ook weer alle grote mannen te beschadigen?). Dan het
hardlopen: de Lauwersloop en de Hart van Brabant-loop. Ik herinner mij bovenal
een soepel schuimende Berend, het sterven van Chris (ik ga dood, maar ik draaf
door), het onverwachte loopvermogen van Edmund, het doorzettingsvermogen van
Gerda en de verkeerde routeaanwijzingen (nog maar 1 km) in het voor ons
onbekende Brabantse landschap (die overigens niet altijd even sportief werden
opgevat).
Bijzonder goede herinneringen heb ik ook (in willekeurige volgorde) aan het
zeilen op het Zuidlaardermeer, naar de film en/of lekker eten met verschillende
colega’s/vrienden (bijv. bij mijn steeds weer nieuwe toetjes scorende vriend Erwin;
Miriam: “je kunt veel zeggen over het eten van Erwin maar het is eetbaar”), de
georganiseerde en wilde borrels, “Chez Dirk” (met dank aan mijn home-boys
Edmund en Erwin), chocolade-country-koekies (Chris, die internet-koekjes waren
niet vreten maar ik heb nog nooit zoveel lol gehad tijdens het bakken), de
sportdagen met het universiteitsteam en de SPR-toernooien.
Ik denk dat het niet vaak gebeurt dat je op je werk een groep collega’s leert
kennen waarmee je zo goed bevriend raakt dat je (meer dan 1 keer) met ze op
vakantie gaat. Ik heb ondermeer geleerd wat het verschil is tussen comfi-shoes en
multi-purpose-shoes, afleidingstactieken tijdens triviant en andere spelletjes (waar
niet iederen even vrolijk van werd) en de kunst van het uitbuiken. De vakanties in
Spanje zal ik om allerlei redenen nooit vergeten (skeletten van paarden omzeilen
voordat je kunt beginnen aan een nauwe grottentocht, de avontuurlijke terugtocht
van de Naranjo de Bulnes, ziekte en een valpartij maar bovenal prachtige natuur en
heerlijk genieten). En hier in Nederland naast alle “gewone” dingen die we same
deden heb ik vooral genoten van het beach-volleyballen (bijv. tijdens de regen i
Stadskanaal, bij de tsss tsss Hoornseplas en langs de kust).
Collega’s en labgenoten van Gist-brocades (met name alle (ex)-leden van de
begane-grond-bende en in het bijzonder Celine, Diana, Dirk, Ilja, Richard, Serge en
Thea) hebben er voor gezorgd dat ik daar twee hele leuke jaren had. Voo al bedankt
voor het heel bijzondere afscheidsfeestje. 
Tot besluit wil ik mijn moeder en broers bedanken voor al hun steun en
vertrouwen. En dan echt tot slot, mijn vader: jij kunt mijn pro otie helaas niet meer
meemaken. In het derde jaar van mijn onderzoek werd je ernstig ziek en een jaar
later ben je gestorven. Pas toen jij ziek werd besefte ik hoe belangrijk jij in mijn
leven was. Ik weet dat jij niet van overdreven sentimenteel gedoe hield dus zal ik
het maar laten bij: “deze is voor jou Pa!”. 
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Physiology of Penicillin Biosynthesis
General Introduction
The administration of penicillin in 1941 to patients that had life-threatening
bacterial infections marks one of the most important medical advances of this
century: control of infectious diseases caused by bacterial pathogens [1]. Today,
consti uting more than 60% of the world market of antibiotics, penicillins and
related antibacterial drugs still are the most important agents in treatment of
bacterial infections [210]. The importance of antibiotics in modern society is well
illustrated by the estimation that their application has added about 10 years to the
average life expectancy in the United States [254]. Penicillins and the structurally
related cephalosporin C are natural products of filamentous fungi. From these,
Penicillium chrysogenum and Acremonium chrysogenum are used for the
biotechnological bulk production of penicillins and cephalosporin C, respectively.
Only the penicillins G and V are produced in industry by fed-batch cultivation of
high-yielding P. chrysogenum strains. Penicillin V is used clinically, but
approximately 85% of these penicillins is converted into intermediates that are used
for the production of semisynthetic penicillins (e.g. amoxycillin and ampicillin) and
cephalosporins [210].
Improvement of strains and cultivation procedures to obtain higher penicillin
yields are main objectives in industrial research. For more than 50 years, improved
strains have been obtained by repeated rounds of random mutation and subsequent
selective screening [242, 254]. This classical approach of strain improvement is
very powerful but has limited mutagenic potential and lacks specificity. During the
last decade, molecular genetics and biochemistry of penicillins, cephalosporins and
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other $-lactam antibiotics have advanced rapidly [188, 286]. This progress, together
with the development of genetic engineering methods has made it possible to
improve strains by a more rational strategy, often referred to as metabolic
engineering [16, 86, 148, 208, 279]. Metabolic engineering, i.e. combined
improvement of strains and cultivation conditions is only practical when factors that
limit the yield and rate of penicillin production can be pinpointed and remove
easily.
In recent studies on prospects of metabolically engineering penicillin
production, two general approaches have been applied to pinpoint bottlenecks:
metabolic flux analysis and metabolic control analysis [124, 148, 149, 208, 210].
The metabolic network and kinetic models used in these studies are based on
general cellular metabolism, the biochemistry of penicillin biosynthesis and
information obtained from specific cultivations. Two significant aspects were more
or less ignored in these studies, intracellular compartmentalization and transport of
various solutes. Many transport processes affect the overall energetic state of the
cel and are of major importance in cellular homeostasis. For this reason
transmembrane fluxes are tightly controlled and potentially determine the overall
rate or levels of intermediates in various metabolic pathways [160]. Clearly, strain
improvement through metabolic engineering demands solid information on
transport.
This thesis describes studies on the nature of plasma membrane located
transport systems and processes and specific features of this organelle that are of
importance in penicillin production. In the following paragraphs, the history and
general aspects of $-lactam antibiotics will be briefly reviewed, followed by an
overview of the biosynthesis of hydrophobic penicillins and the three penicillin
precursor amino acids, L-"-aminoadipic acid, L-valine and L-cysteine. The
significance of compartmentalization in hydrophobic penicillin biosynthesis and the
uptake of nutrients during penicillin production will be considered in more detail.
Finally, possible mechanisms of penicillin secretion will be discussed.
History of $-lactam antibiotics
The history of $-lactam antibiotics is one marked by serendipity and chance.
In 1928, while cleaning his laboratory at the St Mary's Hospital in London, Sir
Alexander Fleming noticed in a Petri-dish antibiosis between a contaminant mould,
P. notatum, and staphylococci. Instead of discarding the contaminated plate,
Fleming cultured the mould and showed that broth filtrates had antimicrobial
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activity against several species of Gram-positive bacteria [106]. Fleming termed the
antimicrobial component penicillin, but did not isolate nor characterize it. 
Although frequently suggested, Fleming was certainly not the first t  observe
fungal antibiotic production [228]. The significance of Fleming's discovery was
actually determined by succeeding events that finally resulted in the application of
penicillin as a systematic therapeutic agent. In 1938, in Oxford, after a survey o
antimicrobial compounds produced by microorganisms, Ernst Chain and Howard
W. Florey decided to further investigate three substances of which penicillin was
one [1]. The outbreak of the Second World War did not influence this decision but
certainly affected the progress of penicillin research. Together with Norman Heatly
and Edward P. Abraham, Chain and Florey isolated penicillin and showed that it
could protect mice from a lethal inoculation with beta-hemolytic streptococci. This
crucial observation led to the successful clinical application and large-scale
production of penicillin.
In the UK penicillin was initially isolated from surface cultures of P. notatum
strains, submerged fermentation was applied for the first time in 1941 by the
Northern Regional Research Laboratory (NRRL, Preoria, Illinois) [242]. After a
worldwide search for high-producing natural isolates, the parental P. chrysogenum
strain NRRL 1951 was selected as a source of more productive sub-strains. Shortly
after the introduction of submerged fermentation, it was discovered that addition of
phenylacetic acid to the medium resulted in the sole production of penicillin G. An
extensive search for other precursors revealed phenoxyacetic acid also as an
excellent side-chain precursor rendering the unnatural penicillin V. Penicillin 
showed to possess an high acid stability making it well suited for oral
administration. Thereupon it was introduced as a therapeutic agent in 1953 [242]. In
the same year, Abraham together with Guy Newton isolated a penicillin alike
antibiotic, cephalosporin C, from culture filtrates of the filamentous fungus A.
chrysogenum (obtained from Giuseppe Brotzu who isolated this fungus from
sewage in Sardinia in 1945) [1].
The discovery of the penicillin nucleus 6-aminopenicillanic acid (6-APA) in
1959, in fermentations carried out in the absence of side chain precursors, was of
paramount significance [25]. 6-APA turned out to be the ideal starting point for the
preparation of semisynthetic penicillins. Enzymatic removal of the side chain
showed to be the most convenient procedure for bulk production of this compound.
The development of semisynthetic penicillins and cephalosporins with improved
properties, together with the discovery of clavulanic acid and other $-lactamas
inhibitors determined the present prosperity of penicillins, cephalosporins and
related $-lactam antibiotics. Due to strain improvement and superior cultivation
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procedures, current production processes yield final penicillin titers several orders
of magnitude higher than those obtained with the parental P. chrysogenum strain
NRRL 1951 [242]. The final penicillin titer obtained in state of the art industrial




Penicillins and cephalosporins belong to the large and complex family of $-
lactam antibiotics which members possess one common structural motif, the four-
memberd $-lactam ring (Table 1.1) [11, 74, 139, 188, 181]. The $-lactam ring
enables these antibiotics to selectively inhibit enzymes involved in the cell-wall
assembly of primarily Gram-positive bacteria. Disturbance of the subtle balance that
exists between wall degrading and synthetic enzyme activities causes reduced
growth rates and results eventually in lysis of the bacterial cell [115]. In penicillins,
the $-lactam ring is fused with a five-membered thiazolidine ring. In cephems, i.e.
cephalosporin C, cephamycins and cephabacins, the second cyclic structure is the
six-membered ihydrothiazine ring. While hydrophobic penicillins are solely
produced by filamentous fungi, cephems are produced by filamentous fungi and
bacteria (Table 1.1) [5, 90]. $-lactams like clavulanic acid, carbapenems and
nocardicins are metabolic products of actinomycetes and Gram-negative bacteria.
Hydrophobic penicillins and cephalosporin C are regarded classical fungal
secondary metabolites. The term secondary metabolite applies to a wide variety of
compounds and no simple accurate definition has been put forward at present [30].
Vining (1992) circumvented this hiatus by listing the following general
characteristics of secondary metabolites:
i) They have a wide range of chemical structures and biological activities.
ii) They are not essential for growth and tend to be strain-specific.
iii) They are derived from primary intermediates and metabolites by unique
biosynthetic pathways. Commonly these pathways are long, complex and
energetically expensive. Enzymes that often lack substrate specificity catalyze the
reactions.
iv) Their formation is directed by organized sets of genes associated with special
regulatory mechanisms that control both the timing and level of gene expression.
These control mechanisms are well integrated with the physiology of the producing
organism.
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During the last decade, our perception of the organization, regulation and evolution
of $-lactam biosynthetic pathways has progressed rapidly. Extensive genetic and
biochemical research showed that the mentioned general characteristics of
secondary metabolism fully apply to $-lac am metabolism in filamentous fungi.
Table 1.1 Distribution of $-lactam producing microorganisms in nature 1

























(Only certain species within the microorganisms listed make the indicated antibiotic; tabl1
adapted from refs. 5 and 90.
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Fig. 1.1 Representation of the distinct biosynthetic pathways to penicillin G,
cephalosporin C, cephabacins and cephamycins as a single branched pathway.
Modified from Nüesch et al. (1987).
The virtual biosynthetic pathway of sulfur-containing $-lactams
Together with cephamycins and cephabacins, penicillins and cephalosporins
belong to the class of sulfur-containing $-ctam antibiotics. The early enzymatic
steps of the biosynthetic pathways of these antibiotics are similar while later steps
are specific for either penicillins, cephalosporin C, cephamycins or cephabacins [64,
188, 214]. These common steps enable a representation of the biosynthesis of
sulfur-containing $-lactams as a single branched pathway (Fig. 1.1) [202, 214]. The
first enzyme of this pathway, ACV synthetase, assembles three amino acids,
L-"-aminoadipate, L-cysteine and L-valine, into the tripeptide *-(L-"-aminoadipyl)-
L-cysteinyl-D-valine (LLD-ACV). The second enzyme, isopenicillin N synthase
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(cyclase, IPN synthase) generates in a single reaction the fused b-lactam and
thiazolidine ring structures of isopenicillin N. After the formation of isopenicillin N
the pathway branches and hydrophobic penicillins are formed via a step, separate
and distinct from cephem biosynthesis. The exchange of the hydrophilic L-"-
aminoadipyl side-chain of sopenicillin N with a hydrophobic side-chain is mediated
by the acyl-CoA:isopenicillin N acyltransferase (acyltransferase).
In cephem-producing organisms, an epimerase isomerizes the L-"-
aminoadipyl side-chain of isopenicillin N to the D configuration, yielding penicillin
N [147, 188]. The conversion of penicillin N into deacetylcephalosporin C proceeds
in two steps catalyzed by either a bifunctional enzyme (in cephalosporin producers)
or by two separate enzymes (in cephamycin and cephabacin producers) [75, 185,
188, 230]. First, expandase converts the 5-membered thiazolidine ring of penicillin
N to the 6-membered dihydrothiazine ring of deacetoxycephalosporin C, followed
by hydroxylation of the allylic methyl group by hydroxylase. After these steps, the
virtual biosynthetic pathway branches again. The final step in cephalosporin C
biosynthesis is the acetylation of deacetylcephalosporin C. In cephamycin
biosynthesis the progressive O-carbamylation, 7-"-hydroxylation and O-
methylation of deacetylcephalosporin C leads to the formation of cephamycin C.
Cephabacin biosynthesis presumably diverges from cephamycin biosynthesis after
formation of deacetylcephalosporin C.
Genetic organization and evolution of $-lactam biosynthetic pathways
$-lactam biosynthetic genes from several prokaryotes and fungi have bee
cloned and their genomic arrangement has been determined (Fig. 1.2) [5, 59, 187,
188, 260]. The bacterial $-lactam producers contain all their biosynthetic genes in a
single chromosomally located cluster [5, 60]. The fungal ACV synthetase
(pcbAB,acvA) and IPN synthase (pcbC, ipnA) genes are also linked but in contrast
to their orientation in bacterial gene clusters they are transcribed in opposite
directions (Fig. 1.2). Next to the pcbAB and pcbC genes, the penicillin biosynthetic
gene cluster contains the acyltransferase gene (p nDE, aat, acyA) [78, 79]. The A.
chrysogenum epimerase gene (c fD) has not been cloned at present. Extended
genetic analysis of the Nocardia lactamdurans $-lactam gene cluster revealed the
presence of three additional genes encoding a typical $-lactamase, a penicillin
binding protein (PBP4) and a transmembrane protein [61]. Based on their properties
it is proposed that these auxiliary enzymes render N. lactamdurans insensitive to
inhibition by its own antibiotics and provide it  with a competitive advantage to
improve survival.
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Fig. 1.2 Representative $-lactam biosynthetic gene clusters of bacteria and fungi aligned at the
start sites of the pcbC genes. Modified from Aharonowitz (1992).
Based on a comparison of pcbC gene sequences from different species, a
horizontal transfer of the $-lactam biosynthetic genes from a bacterium to a
filamentous fungus approximately 370 million years ago has been proposed (Fig.
1.3) [52, 62,64, 139]. In response to this theory, it has been suggested that the
sequence conservation of the pcbC genes reflects functional constraints resulting in
a slower rate of molecular evolution [263]. However, in addition to pcbC all other
$-lactam biosynthetic genes that have been cloned and characterized show similar
DNA and amino acid sequence conservation. Several other aspects also indicate
horizontal gene transfer [188]:
i) in nature only a limited number of species possess the ability to produce $-
lactams (Table 1.1).
ii) fungal pcbC genes have a G+C content similar to that of streptomycetes and
Flavobacterium sp.
iii) none of the fungal pcbAB and pcbC genes contain introns.
The origin of the fungal penDE genes is obscure, there are no known eukaryotic or
prokaryotic analogous. Several common features of the penDE g ne indicate that it
was derived by fusion of a eukaryotic with a prokaryotic gene [Martin, 1994]. The
penDE genes of A. nidulans and P. chrysogenum contain in the 5' half three introns
with typical fungal intron/exon boundaries. Furthermore, the G+C content in the
third position of the reading frame is biased, 58% in the first half and 71% in the
second half of the genes.
The presumed bacterial descent of most fungal $-lact m genes prompts the
question why filamentous fungi acquired and maintained these pathways. From the
different functions presently ascribed to secondary metabolites, only an ecologica
role seems conceivable. Initiation of antibiotic production by filamentous fungi
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often is associated with specific growth conditions and cell differentiation. Their
way of growth has enabled filamentous fungi to become the major degraders of
complex organic matter in nature. The growing tip of a filamentous fungus can
penetrate into solid materials like wood and enter new substrate zones. Enzymes
secreted at the apex degrade insoluble complex polymers and the digestion products
are absorbed sub-apical. The sub-apical regions involved in uptake of nutrients do
not grow but are metabolically highly active. It is thought that under low nutrient
conditions these hyphal regions secrete antibiotics to protect the released enzymes
and prevent utilization of the released nutrients by bacterial competitors [30].
Molecular regulation of penicillin biosynthesis
The regulation of $-lactam biosynthesis in fungi in general and of
hydrophobic penicillins in particular receives much attention currently [40, 41]. The
biosynthesis of hydrophobic penicillins is affected by an extensive and complex set
of growth, nutrient and environmental signals. Several studies  showed profound
effects of carbon, nitrogen and phosphorous sources on penicillin yields and
indicated control by a complex regulatory network [2, 5, 40, 41, 42, 43, 44, 55, 98,
244]. Molecular regulation of penicillin biosynthesis has been studied extensively in
A. nidulans. Like P. chrysogenum, A. nidulans belongs to the class of Plectomycetes
and is able to produce hydrophobic penicillins. However, while P. chrysogenum
lacks a sexual cycle and is not amendable to classical genetics, A. nidulan
possesses a well-defined sexual cycle facilitating genetic analysis.
Attempts to reveal how different signals affect penicillin biosynthesis have
focused on the analysis of cis- and trans-acting regulatory elements that govern
transcription processes in the biosynthetic gene cluster [40, 41, 58, 99, 121, 176
225, 226]. In A. nidulans carbon catabolite repression of penicillin genes occurs via
an unknown mechanism distinct from the creA , creB and creC-mediated carbon
control in primary metabolism [95]. The biosynthesis of hydrophobic penicillins is
also subject to pH control via PACC [96, 270, 281]. PACC acts as a wide-domain
regulator via repression at neutral and acidic pH values and induction at alkaline pH
values of several A. nidulans genes. PACC binds to the intergenic region between
the pcbAB and pcbC genes and enhances transcription of the pcbC gene at alkaline
pH. Unlike  the mechanism operative in A. nidulans, alkaline pH does not override
the negative effects of carbon catabolite repression in P. chrysogenum [270].
Besides PACC, PENR1, a CCAAT box-binding protein is involved in to
repress pcbAB and induce pcbC and penDE expression [40, 41]. Three recessiv
trans-acting mutations have been characterized in A. nidulans: prgA1, prgB1 and
npeE1. These three elements correspond probably to positively acting regulatory
)(
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Fig. 1.4 The biosynthesis of penicillin G and formation of related byproducts. OPC, 6-oxo-
piperidine-2-carboxylic acid; 6-APA, 6-aminopenicillanic acid ; 8-HPA, 8-hydroxypenillic acid.  
genes. Comparison of the genetic organization of penicillin biosynthesis in
industrial P. chrysogenum strains and low-producing wild-type strains revealed
significant modifications. While wild-type strains have a single copy of the
penicillin biosynthetic gene cluster, industrial strains possess multiple copies [104,
207]. To utilize the full potential of these extra copies, altered regulation of the
penicillin biosynthetic pathway through changes in the mentioned cis- and trans-
acting regulatory elements must have occurred [207].
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Biosynthesis of hydrophobic penicillins
In nature, Penicillium species produce a mixture of primarily hydrophobic
penicillins containing different acyl-side chains (Table 1.2). Although the
biosynthetic pathway comprises only three enzymes, the biochemical processes
leading to the formation of hydrophobic penicillins are quite complicated. For
instance, ACV synthetase possesses four different catalytic activities and the
complete biosynthesis of LLD-ACV comprises ten separate steps. Besides the three
enzymes constituting the biosynthetic pathway, several auxiliary biosynthetic
enzymes are essential in penicillin biosynthesis. A specific acyl-CoA synthetase is
involved in activation of the side-chain precursor and an unknown ligase activates
ACV synthetase by attaching the three pantotheine co-factors post-translationally.
During penicillin biosynthesis several related metabolites are formed (Fig.1.4) and
some of these tend to accumulate in the medium. 6-APA formed by the
acyltransferase readily reacts with carbon dioxide and forms 8-hydroxypenillic acid
(8-HPA). Bis-LLD-ACV is formed through non-enzymatic oxidation of LLD-ACV.
In vivo, reduction of bis-LLD-ACV could be carried out by a NADPH-dependent
thioredoxin reductase which has been isolated from P. chrysogenum [62]. All three
penicillin biosynthetic enzymes of P. chrysogenum have been purified and
characterized extensively. Features of these enzymes and of the acyl-CoA
synthetase are summarized in the next paragraphs.
ACV synthetase: non-ribosomal peptide synthesis
Based on the structural similarity between LLD-ACV and glutathione, it was
long assumed that their formation proceeded in a similar way. In analogy to (-Glu-
Cys-synthetase and glutathione synthetase two enzymes were expected to be
involved in LLD-ACV biosynthesis. At present it is well established that th
formation of the two peptide bonds and the epimerization of valine are catalyzed by 
a single multienzyme, ACV synthetase [6, 155, 156, 157, 314]. Today, only the
name of the gene, pcbAB, reflects this erroneous assumption. ACV synthetase
belongs together with other eukaryotic and prokaryotic peptide synthetases, a
number of acyl-CoA synthetases and carboxyl-adenylate ligases to a distinct
superfamily of adenylyl-carboxylate forming enzymes [157, 316].
ACV synthetases from different organisms range in mass from 405 to 425
kDa [6; 157] and consist of three non-identical domains of approximately 1000
amino acids that show remarkable sequence conservation to each other [157, 316].
The sequence conservation is highest in a central region of  about 600 amino acids
and is less, butt still considerable, in the interdomain sequences that comprise
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Fig. 1.5 Schematic representation of the multiple co-factor mechanism of LLD-ACV
formation. Recharging of the domains occurs after they become accessible. Modified from
Kleinkauf and von Döhren (1996).
around 500 amino acids. The central conserved regions are involved in binding an
activation of the precursor amino acids. Each region contains adenylate, acyl carrier
and condensation modules consisting of conserved boxes arranged in a
characteristic order [157]. The adenylate module contains boxes involved in
adenylate formation and ATP binding and a region determining the substrate
specificity. The acyl carrier module contains a conserved serine residue that
functions as the attachment site for the pantotheine co-factor that is derived from
CoA [20, 157]. ACV synthetase is a typical example of channeled metabolism,
integrating adenylation, peptide-bond formation, epimerization and product release
by thioesterase activity into a single multi-enzyme [6, 157]. The mechanism of
LLD-ACV biosynthesis is subject of discussion. One of the suggested models
describes a thiotemplate mechanism with multiple co-factors involving ten distinct
enzymatic steps (Fig. 1.5) [157]. In this model, epimerisation of valine occurs at the
peptide stage.
ACV synthetase activity depends on the presence of ATP and Mg. Per mole2+
of LLD-ACV formed, 3 moles of ATP are hydrolyzed to AMP and pyrophosphate
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[247, 292, 315]. Studies on the substrate specificity of the A.chrysogenum ACV
synthetase domains demonstrated formation of a wide range of tripeptides [21].
ACV synthetase is situated at the intersect of primary and secondary metabolism
and is strictly controlled at the genetic and enzymatic level. ACV synthetase activity
is modulated via feedback inhibition by bis-LLD-ACV [278].
 Isopenicillin N synthase: ring closure
IPN synthase, a 38 kDa cytosolic enzyme is the most thoroughly
characterized penicillin biosynthetic enzyme [18, 19, 52, 62, 64, 85, 231, 236]. IPN
synthase catalyzes the second step in $-lactam biosynthesis, the oxidative
cyclisation of LLD-ACV to IPN. In a unique enzymatic step, IPN synthase mediates
the transfer of four hydrogen atoms from LLD-ACV to molecular oxygen creating
in a single reaction the complete bicyclic penicillin nucleus [19, 64]. Recently, the
structure of the A. nidulans IPN synthase complexed with manganese was resolved
[236]. Structural analysis revealed that the active site of IPN synthase is buried
within a 'jelly-roll' motif and lined by hydrophobic residues. The manganese ion
showed to be attached to four protein ligands and two water molecules, the latter
occupying coordination sites that are directed into a hydrophobic cavity within the
protein. These structural properties, an iron-binding site within an unreactive
hydrophobic substrate-binding cavity, allows the reaction to be channeled along a
single path. In this way the many side-reactions that could occur due to the presence
of the highly reactive complex, which is formed by the reduction of molecular
oxygen at the Fe, are avoided. IPN synthase shares structural and sequence2+
similarities with 1-aminocyclopropane-1-carboxylic acid oxidase and related 2-oxo-
acid dependent oxygenases (e.g. S. clavuligerus expandase and A. chrysogenum
expandase/ hydroxylase) [236]. Unlike these oxygenases, IPN synthase does not
require oxidizable co-substrates or electron donors. IPN synthase activity strongly
depends on the dissolved Oconcentration and i  vitro on the presence of Fe [17,2 
2+
64]. IPN synthase accepts LLD-ACV only in its reduced state, bis-ACV formed by
oxidation has to be reduced before it can be converted.
Acyltransferase: increasing hydrophobicity and antimicrobial activity
The final step in the biosynthesis of hydrophobic penicillins is mediated by
acyl-CoA:IPN acyltransferase [8, 24, 181, 188, 282, 305]. The side-chain
replacement catalyzed by the acyltransferase results in the formation of a
hydrophobic penicillin, e.g. penicillin G or V, with a significantly increased
antimicrobial activity as compared to isopenicillin N. Acyltransferase consists of
two subunits, an "-subunit of 11 kDa and a $-subunit of 29 kDa. These two
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subunits are formed out of a 40 kDa pre-protein via an autocatalytic processing
event [12, 13, 284]. It has been suggested that the $-subunit constitutes the
functional enzyme but recent studies clearly demonstrated that the active form of
acyltransferase is a "-$-heterodimeric complex [8, 283]. Acyltransferase obtains
this functional quaternary structure via a cooperative folding process involving both
subunits [283].
Table 1.2 Side-chain precursors of penicillins [65]. 
Products Side-chain precursor
Natural Penicillins 
Penicillin G C H CH COOH
Penicillin F CH CH CH=CHCHCOOH
Dihydropenicillin F CH (CH ) COOH
Penicillin K CH (CH ) COOH
Penicillin X p-OH-CH CH COOH
Biosynthetic Penicillins
Penicillin V C H OCH COOH
p-Hydroxypenicillin V p-OH-CH OCH COOH
Butylthiomethylpenicillin CH (CH ) SCHCOOH
Penicillin O CH =CHCHSCHCOOH








3 2 3 2
2 2 2
3 2 2
Six different catalytic activities have been assigned to acyltransferase: acyl-
CoA:IPN acyltransfer (IAT), acyl-CoA:6-APA acyltransfer (AAT), IPN
amidohydrolysis, penicillin transacylation, penicillin amidohydrolysis, and acyl-
CoA hydrolysis [8, 9, 181]. In vivo, acyltransferase catalyzes the removal of the L-
"-aminoadipyl side chain of isopenicillin N, and its replacement with a CoA-
derived substitute via an unknown mechanism. A two-step process has been
suggested but an well-integrated exchange mechanism seems more likely (Fig. 1.4).
In vitro, the IAT activity is substantially lower than the AAT activity; usually a ratio
of around 1:6 is observed [9, 181]. This intrinsic difference is consistent with the
additional hydrolysis of a peptide-bond in IAT activity. The substrate specificity of
acyltransferase has been studied extensively [9, 183, 181]. Acyltransferase is
capable of utilizing many different side chains but an "-methylene group seems to
be essential (Table 1.2). The optimal length of the acyl side-chain is between six
and nine and of the acyl-CoA substrates tested, phenylacyl-CoA was utilized
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preferentially [9]. Besides phenylacyl-CoA, acyltransferase accepts several other
thioesters of phenylacetic acid as side-chain donors, e.g. phenylacyl-glutathione and
phenylacyl-LLD-ACV [181].
 Acyl-CoA synthetase: precursor activation
Although acyltransferase activity depends on the presence of a CoA-
activated side-chain precursor, surprisingly little is known about precursor
activation in penicillin biosynthesis. Precursor activation via a gluthatione-
dependent process involving enzymes from the (-glutamyl cycle was postulated by
Ferrero and co-workers [181]. Since the concerned enzyme activities could not b
detected in P. chrysogenum, this controversial hypothesis has generally been
rejected. Others have claimed that activation of the penicillin side-chain precursor
proceeds via a single enzymatic step, either catalyzed by a general or specific acyl-
CoA synthetase [159, 191]. Recently, a phenylacetic acid-specific acyl-CoA
synthetase has been purified and cloned [116]. Originally, this acyl-CoA synthetase
might have been involved in activation of medium chain length fatty acids in fatty
acid catabolism.
Biosynthesis of precursor amino acids
P. chrysogenum obtains the penicillin precursor amino acids, L-"-
aminoadipic acid, L-cysteine and L-valine through de novo synthesis. Whereas L-
cysteine and L-valine are end products of biosynthetic pathways and common
protein constituents, L-"-aminoadipic acid is a key intermediate in the lysine
biosynthetic pathway of fungi. Unlike in cephem biosynthesis, L-"-aminoadipic
acid is recycled in hydrophobic penicillin biosynthesis although not with 100%
efficiency. During penicillin production substantial amounts of L-"-aminoadipic
acid are cyclized, forming 6-oxopiperidine-2-carboxylic acid (OPC) [48, 167, 168].
The mechanism of OPC formation is obscure but it is formed at a nearly constant
stoichiometric ratio to penicillin. Penicillin/OPC ratios ranging from 0.06 to 0.6
have been reported [210]. OPC is not found in cultures of strains that lack the
penicillin biosynthetic gene cluster [165].
Biosynthesis of L-"-aminoadipic acid
Fungi (except Oomycetes) synthesize L-lysine via the L-"-
aminoadipic acid pathway (Fig. 1.6) [119]. This pathway has been studied
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Fig. 1.6 L-Valine and L-lysine biosynthesis in P.chrysogenum. Adapted from
Bhattacharjee (1985) and Kubicek-Pranz and Kubicek (1991). The biosynthesis of
valine and the first half of the lysine biosynthetic pathway are located in the mitochondrial
matrix. Main regulatory points at the enzymatic level are indicated. Numbers within
brackets denote the following enzymes: 1, Acetohydroxy acid synthase; 2, Acetohydroxy
acid isomeroreductase; 3, Dihydroxy acid dehydrase; 4, Branched chain amino acid
glutamate transaminase; 5, Homocitrate synthetase; 6, Homocitrate dehydrase; 7,
Homoaconitate hydratase; 8, Homoisocitrate dehydrogenase; 9, L-"-aminoadipic acid
aminotransferase; 10, L-"-Aminoadipic acid reductase; 11, Saccharopine reductase; 12,
Saccharopine dehydrogenase; enzymes 13 and 14 involved in the catabolism of L-lysine to
L-"-aminoadipic acid, are assumed to resemble respectively, the L-lysine:2-ketoglutarate
aminotransferase (LAT, Fig. 1.2) and piperidine-6-carboxylic acid dehydrogenase of
actinomycetes [Esmahan et al., 1994].
extensively in yeast and $-lactam producing fungi [31, 165, 166]. L-lysine
biosynthesis starts with the condensation of acetyl-CoA and "-ketoglutarate by
homocitrate synthase [144]. The first half of the L-lysine biosynthesis is completed
by the conversion of homocitrate to L-"-aminoadipic acid through the intermediates
cis-homoaconitate, homoisocitrate and "-ketoadipic acid. Homocitrate synthetase
and dehydrase carry out these transformations and are located within the
mitochondrial matrix [165, 166]. A cytosolic isoenzyme of homocitrate synthase
has been observed in P. chrysogenum, but its role in lysine biosynthesis is obscure
[165]. Enzymes involved in the second half of the lysine biosynthesis are located in
the cytosol. After L-"-aminoadipic acid is released from the mitochondrial 
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compartment, i  is converted to lysine via "-aminoadipaat-*-semialdehyde and
saccharopine. Studies on effects of lysine additions showed strong inhibition of
penicillin production [43, 72], except for the P. c rysogenum L2 strain, a lysine
auxotroph blocked at homoisocitrate dehydrogenase. Addition of lysine stimulated
penicillin production in this mutant suggesting that for penicillin biosynthesis, L-"-
aminoadipic acid is also provided by catabolic conversion of L-lysine via a yet-
unidentified pathway (Fig 1.6) [94]. Immediately upon addition of exogenous L-"-
aminoadip c acid, P. chrysogenum secretes OPC, indicating that formation of OPC
might be a mechanism to circumvent toxic L-"-aminoadipic acid levels in the
cytosol [165].
Biosynthesis of L-cysteine
One of the primary metabolic routes through which the flux has increased
significantly through strain improvement is the conversion of sulfate to L-cystein
(Fig. 1.7) [149, 210, 214, 285]. After transport into the cell, inorganic sulfate is
activated to 3-phospho-adenosine-5-phosphosulfate (PAPS) via adenosine-5-
phosphosulfate (APS) [107, 193]. ATP sulfurylase and APS kinase that catalyze
these two steps have been isolated from P. chrysogenum and thoroughly
characterized [107, 185, 234, 235]. Assimilation of sulfate proceeds through
reduction of the sulfonyl moiety of PAPS to sulfite and subsequently to sulfide.
Sulfite reduction is catalyzed by sulfite reductase, a multienzyme complex
thattransfers six electrons from NADPH to the sulfur atom [193]. The cellular
localization of the enzymes involved in reduction of sulfate to sulfide is unknown.
A configuration on the cytoplasmic face of the plasma membrane is conceivable.
 Based on studies in mutants defective in OAH-sulfhydrylase, it has been
suggested that the conversion of sulfide to cysteine in P. chrysogenum only
proceeds via the so-called transsulfuration pathway (Fig. 1.7) [214, 285].
Saccharomyces cerevisiae and filamentous fungi like A. chrysogenum, Neurospora
crassa and A. nidulans primarily use the transsulfuration pathway for cysteine
biosynthesis, but also possess a second shorter pathway called direct sulfhydrylation
[56, 193, 215, 222]. Whether this shorter pathway is also present in P.chrysoge um
is unclear at present. Information on localization of enzymes involved in the
transsulfuration and direct sulfhydrylation routes is scarce and ambiguous.
18/Chapter 1
Fig. 1.7 Sulfate assimilation routes (boxed) and cysteine biosynthesis in fungi [215].
Cysteine and O-Acetylserine (OAS) are the major regulatory metabolites in fungal sulfate
assimilation. High cysteine levels repress sulfate assimilation and inhibit serine O-
acyltransferase, high levels of OAS induce sulfate assimilation. Regulation of sulfate
assimilation as observed in S. cerevisiae is indicated . Numbers between brackets denote the
following enzymes: 1, Sulfate permease; 2, ATP sulphurylase; 3, 3-phospho-adenosine-5-
phosphosulfate (PAPS) kinase; 4, PAPS reductase; 5, Sulfite reductase; 6, Serine O-
acyltransferase; 7, O-Acetylserine sulfhydrylase ; 8, Homoserine O-acyltransferase; 9, O-
Acetylhomoserine sulfhydrylase; 10, Cystathionine $-synthase; 11, Cystathionine (-lyase; 12,
Cystathionine (-synthase; 13, Cystathionine $-lyase; 14, Homocysteine methyltransferase; 15,
S-Adenosylmethionine (SAM) synthetase; 16, S-Adenosylmethionine demethylase; 17, S-
Adenosylhomocysteinase (SAHase); 18, (-Glutamylcysteine synthetase; 19, Glutathione
synthetase; 20, (-Glutamyltranspeptidase; 21, Cysteinylglycine dipeptidase. Enzymes 8, 9, 10
and 11 constitute the transsulfuration pathway, enzymes 6 and 7 the direct sulfhydrylation
pathway and enzymes 15, 16 and 17 the reverse transsulfuration pathway. APS, adenosine-5-
phosphosulfate.
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Biosynthesis of valine 
The biosynthesis of the branched chain amino acids L-valine, L-isoleucine
and L-leucine occurs in fungi by a common pathway from which leucine branches
off at the level of "-ketoisovalerate (Fig 1.6) [119, 166]. The biosynthesis of L-
valine starts with the condensation of hydroxyethyl thiamine pyrophosphate with
pyruvate. L-Valine is formed through subsequent reduction, dehydrogenation and
transamination of "-acetolactate. The steps common to all three branched chain
amino acids are catalyzed by a set of four enzymes, acetohydroxy-acid synthase,
acetohydroxy-acid isomeroreductase, dihydroxy-acid dehydrase, and branched-
chain amino acid glutamate transaminase. These enzymes possess dual substrate
specificity and are presumably organized as a multi-enzyme complex of about 400
kDa within the mitochondrial matrix [166].
Compartmentalization of penicillin metabolism
The biosynthesis of penicillin precursor amino acids proceeds in different
cellular compartments. Compartmentalization also plays an important role in
hydrophobic penicillin biosynthesis. Cell fractionation, electron microscopic and
molecular genetic studies demonstrated a distinct spatial organization of the
penicillin biosynthetic pathway in P. chrysogenum (Fig 1.8) [174, 204, 205, 206].
Cell fractionation studies in P. chrysogenum suggested that ACV synthetase is
attached to vacuoles [174, 204], but more recent studies and the biochemical
properties of ACV synthetase, i.e., optimal pH, co-factor requirement and protease
sensitivity, indicate that ACV synthetase is a free cytosolic enzyme [Van de Kamp
et al., unpublished results]. Like ACV synthetase, IPN synthase is localized in the
cytosol [204, Van de Kamp et al.,unpublished results]. Electron microscopic studies
in combination with immunological detection methods demonstrated that
acyltransferase is located in a microbody [204, 206]. This observation was
substantiated by genetic studies showing that the P. chrysogenum acyltransferase
contains a functional C-terminal peroxisomal targeting sequence (ARL) [205]. The
acyltransferase of A. nidulans possesses a less common peroxisomal targeting
sequence, ANI, at  the C-terminus. The clear C-terminal peroxisomal targeting
signal (SKI) of the acyl-CoA synthetase involved in penicillin biosynthesis indicates
that this enzyme is located in the microbody [116].
The distinct subcellular organization of penicillin biosynthesis enables the
spatial separation, regulation and optimization of the processes involved. The
penicillin yield of industrial strains implies a substantial drain on precursors and co-
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Fig. 1.8 Hypothetical representation of the spatial organization of penicillin
biosynthesis in a sub-apical cross-section. Transmembrane transport of several solutes is
depicted and possible coupling-ions are shown without considering stoichiometry. Question
marks and dashed lines denote the uncertainty about the presence of systems, processes or
values. The pH-values indicated are based on observations in N.crassa. AA, amino acid;
Aad, "-amino adipic acid; ACS, acyl-CoA synthetase; ACVS, ACV synthetase; AT,
acyltransferase; Cys, cysteine; IPNS, isopenicillin N synthase; PA; phenylacetic acid; penG,
penicillin G; Val, valine.
 
factors such as CoA, ATP and NADPH [125, 149, 210]. The cellular localization
and pool sizes of these compounds are important determinants in penicillin
biosynthesis. Compartmentalization facilitates channeling of the involved co-
factors, precursors and intermediates to the sites of biosynthesis implying transport
of these compounds through the cell and across organellar membranes [213].
Physiology of Penicillin Biosynthesis/21
Besides the microbody, organelles like mitochondria and vacuoles are of specific
importance in penicillin biosynthesis. Like the plant vacuole, the fungal vacuole is
involved in a variety of cellular processes and fulfils several general functions [123,
158]. The fungal vacuole is amongst others involved in the active and stringent
control over the cytosolic concentration of many different constituents. The bulk of
free basic and neutral amino acids and a substantial part of the acidic amino acids
are localized in the vacuole [158, 166]. Studies at precursor amino acid pools
utilized in penicillin biosynthesis indicated a high turnover of the vacuolar pools [4,
134, 143, 165, 174]. L-"-aminoadipic acid and cysteine are toxic at moderate
concentrations, their cytosolic levels are therefore regulated tightly through storage
in the vacuole and controlled release from this organelle [158, 166]. Transport in
and out of the vacuole involves H-amino acid antiport systems present in th+
vacuolar membrane (Fig. 1.9) [123, 158]. Alike glutathione, LLD-ACV might at
elevated cytosolic levels be stored in the vacuole [224].
Penicillin biosynthesis is probably restricted to a particular section of the
hyphae, the sub-apical metabolically active regions. Several mathematical models
have been developed to describe the relation between hyphal differentiation and
penicillin production in submerged P. chrysogenum fermentations. Menzes and co-
workers [220] demonstrated that is was impossible to achieve reli ble pr dictions of
the penicillin production when taking the total biomass concentration into account.
Recently, Paul and and Thomas (1996) presented a structure-segregated model for
sub-merged growth with substantial experimental verification by quantitative data
obtained from image analysis. Cellular differentiation was incorporated into the
model by distinguishing four hyphal regions: i) actively growing regions (mainly
apical); ii) nongrowing metabolically active regions devoid of vacuoles (mainly sub-
apical); iii) nongrowing metabolically active regions containing small vacuoles and;
iv) degenerated or metabolically inactive regions. Furthermore, in this model
vacuole formation is regarded a basic process in cell differentiation, hyphal
extension and fragmentation. According to the model, penicillin production only
occurs in the nongrowing metabolically active regions comprising approximately
two-third of the total biomass in the examined cultivations. Whether the underlying
assumptions are entirely valid is subject for discussion but the effectiveness of the
presented model indicates that penicillin is produced by a specific part of the total
biomass.
The central role of the penicillin microbody
Based on the localization of the acyltransferase, microbodies are assumed to
play a key role in penicillin biosynthesis [204, 205]. Crude P. chrysogenum
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microbody isolates have been obtained, but contamination with other organelles
obstructed thorough characterization [206]. Biogenesis, proliferation and
physiological functions of fungal microbodies have been studied extensively in
several yeasts. In fungi, microbodies often harbor enzymes of metabolic pathways
that allow growth on carbon sources like alcohols and fatty acids and are assumed
to be dispensable under certain nutritional conditions [34, 68, 271, 290]. Fungal
peroxisomes are the exclusive site of the $-oxidative chain shortening of a variety of
fatty acids. Fatty acids are primed for $-oxidation by activation to the corresponding
acyl-CoA esters. The side-chains of natural hydrophobic penicillins are mainly
medium-chain fatty acids (Table 1.2) that are also converted to the corresponding
acyl-CoA esters before incorporation. Considering this remarkable homology, one
might speculate that the biosynthetic pathway of hydrophobic penicillins evolved
through confiscation of a peroxisome, utilizing the endogenous acyl-CoA synthetase
in precursor activation.
Since the penicillin microbody is a small single membrane-bound
compartment ranging in diameter from about 200-800 nm [204, 206], fluxes through
this organelle are expected to be high. The mode and rate of solute entry and release
is basically set by the permeability of the microbody membrane. Peroxisomes
isolated from yeasts or rat liver are usually freely permeable to hydrophilic
substrates and co-factors like CoA, ATP and NAD. This has been explained by the+
presence of large porin like channels which have been detected in the peroxisomal
membrane of the yeast Hansenula polymorpha [272] and in rat liver peroxisomes
[293]. However, NMR spectroscopy and immunocytochemical studies on H.
polymorpha cells indicated an acidic peroxisomal matrix pH approximately one pH
unit below that of the cytosol [271, 301]. Apparently, these observations are in
conflic with the in vivo presence of open channels in the peroxisomal membrane. In
the living yeast cell the peroxisomal membrane is probably well closed and
endowed with low proton permeability. The observed transmembrane pH gradient
might be generated by an FF -type H-ATPase that has been detected in H.1 0
+
polymorpha peroxisomal membranes [81]. Like most peroxisomal enzymes of
yeasts and animal tissues, the acyltransferase possesses in vitro an alkaline pH
optimum [8, 9, 34, 271, 290]. The alkaline pH optima of peroxisomal enzymes
apparently contradicts the observed acidity of the peroxisomal matrix, and at present
there is no straightforward explanation for this inconsistency. Most probably the
matrix pH of penicillin microbody is alkaline.
Miscellaneous tudies indicated the presence of various transport systems in
peroxisomal membranes [34, 243, 250, 251, 274, 293]. Recent genetic and
biochemical studies in S. cerevisiae suggested that in vivo the peroxisomal
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Fig. 1.9 Hypothetical model of the processes located in the microbody in penicillin G
formation. Several putative solute transport systems and processes are depicted. AT,
acyltransferase; ACS, acyl-CoA synthetase; Aad, "- minoadipic acid; IPN, isopenicillin N;
PA, phenylacetic acid; penG, penicillin G.
membrane is impermeable to NAD(H) and acetyl-CoA [293]. A carnitine
acetyltransferase huttle might be involved in transfer of acetyl units from acetyl-
CoA inside the peroxisome to CoA in the cytosol suggesting the presence of a
distinct peroxisomal CoA pool [91]. It is also possible that regulated channels are
present hat only allow the passage of smaller hydrophilic solutes like acetyl-
canitine and phosphate. Fatty acids are transported across the S. cerevisia
peroxisomal membrane via two independent pathways. Import of activated long-
chain fatty acids takes place by the peroxisomal ABC transporter Pat1p/Pat2p.
Uptake of medium-chain fatty acids occurs through passive diffusion and depends
on activity of the peroxisomal acyl-CoA synthetase Faa2p [126]. Phenylacetic acid
and phenoxyacetic acid probably enter the penicillin microbody in a similar way.
The Candida bodinii peroxisomal membrane contains a 47-kDa protein that
resembles the mitochondrial ATP/ADP exchanger [145]. Based on the hydrophilic
properties and molecular weight of isopenicillin N and L-"- minoadipic acid it is
expected that specific carriers transport these compounds. The hydrophobic
penicillin formed by acyltransferase might be released from the microbody through
simple diffusion or by transport, e.g. through precursor/product antiport (Fig. 1.9).
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Transformation f the none-penicillin producing filamentous fungi A. niger
and N. crassa with only the penicillin biosynthetic gene cluster of P. chrysogenum
enables penicillin production [261]. Although penicillin production of the obtained
transformants was low, these studies indicate that the main constituents required for
penicillin production are endogenous to most filamentous fungi. This also raises the
question to which extent biogenesis, proliferation and layout of the penicillin
microbody deviate from other microbodies in filamentous fungi. Studies on
microbody biogenesis and proliferation in filamentous fungi have been initiated in
A. nidulans. This fungus is from a genetic point of view by far a better candidate for
determination of the role of microbodies in penicillin biosynthesis than P.
chrysogenum. A. nidulans can produce hydrophobic penicillins and unlike P.
chrysogenum, is readily accessible to classical and molecular genetic analyses. An
A. nidulans train resembling the Pim(peroxisome import defective) mutants of H.- 
polymorpha has been isolated [71]. This strain contains only a few very small
peroxisomes but produces wild type levels of penicillin. Whether the remaining
peroxisomes are sufficient to produce wild-type levels of penicillin is unclear.
Further research on the role of peroxisomes in penicillin biosynthesis will involve
the isolation and characterization of other mutants defective in peroxisomal
biosynthesis.
Uptake of nutrients in penicillin production
Standard industrial penicillin production consists of a batch cultivation
followed by a fed-batch penicillin production stage. The initial batch cultivation is
performed to obtain vegetative biomass as inoculum for the fed-batch production
process. The media used in the batch and fed-batch processes are usually similar in
composition (Table 1.3) [125, 210]. To support substantial formation of biomass,
the starting concentration of the major carbon source, e.g. glucose or sucrose, is
much higher in the initial batch process. Usually a complex nitrogen source like
corn steep liquor is employed. Corn steep liquor contains multiple amino acids and
various aromatic amines but also large amounts of lactate and several important
metal ions [210]. During the fed-batch stage glucose, a nitrogen source e.g.
ammonium, and the side-chain precursor of choice are fed at controlled rates. In
general, a medium pH of 6.5 is maintained throughout the production stage. On
smaller scale glucose is often replaced by a slower metabolized sugar like lactose.
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Table 1.3 General medium composition for industrial batch and fed-batch cultivation
in penicillin V production [210].
Constituent Batch Fed-batch
Corn Steep Liquor 50 g/L 50-200 g/L
Glucose/Sucrose 30 g/L 3 g/L
Phenoxyacetic acid  _ 5 g/L*
(NH ) SO 10 g/L 12 g/L4 2 4
KH PO 2 g/L 1 g/L2 4
CaCl.2HO 60 mg/L 60 mg/L2 2
In penicillin G production phenylacetic acid is used instead of phenoxyacetic acid. Due to*
the higher toxicity phenylacetic acid concentrations are in general regulated at a lower level
than phenoxyacetic acid.
P. chrysogenum assimilates the supplied nutrients for growth, maintenance
and penicillin production. Two distinctive layers interfere with the free movement
of solutes from the environment into the fungal cell, i.e. the cell wall and the plasma
membrane. The outermost layer, the cell wall, is a dynamic structure composed
primarily of polysaccharides and glycoproteins [252, 302]. The mature fungal cell
wall contains pores of various sizes and acts as a non-specific filter allowing the
free passage of small solutes [179, 203, 302]. Generally, solutes with a molecular
weight exceeding 1 kDa are excluded. The plasma membrane is made up mainly of
proteins and lipids constituting a semi-permeable bilayer of about 7.5 nm thick
[179, 256, 291]. The composition of plasma membranes from a number of yeast and
a few filamentous fungi has been determined [38, 179, 256, 291]. The major lipid
constituents of fungal plasma membranes are glycerophospholipids and sterols,
together with smaller amounts of sphingolipids and glycolipids. The main
phospholipids of the N. crassa plasma membrane are phosphatidylcholine (46%),
phosphatidylethanolamine (39%) and phosphatidylinositol (13%) while ergosterol is
the main sterol constituent [179, 255]. The lipid composition of the fungal plasma
membrane is far from stationary. It changes during normal growth and in response
to a wide range of environmental signals.
Transport of nutrients across the plasma membrane
As it forms the outer semi-permeable layer of the fungal cell, transport across
the plasma membrane is of eminent importance in many basic physiological
processes, e.g. maintaining homeostasis of the intracellular environment and
sustaining hyphal tip growth [50, 113]. Solutes can cross the plasma membrane and
enter or leave the fungal cell through passive diffusion or transport mediated by
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specific carrier proteins. A diversity of carriers is involved in transport processes
like uptake of nutrients and exclusion of deleterious hydrophobic compounds (Fig.
1.7) [10, 22, 50, 87, 291]. Several of these carriers utilize the electrochemical
gradient of protons or proton motive force ()p) that exists across the plasma
membrane to energize transport. The proton-motive force, composed of a
transmembrane pH gradient ()pH) and an electrical potential ()R), is generated by
the primary proton pump of the plasma membrane, a P-type H-ATPase [249, 257,+
291]. The H-ATPase is composed of one catalytic subunit of approximately 100+
kDa and is one of the most abundant fungal plasma membrane proteins. It comprises
5-10% of the total plasma membrane protein in N. crassa, and can account for up to
half of the cellular ATP consumption. [36, 256]. Microelectrode measurements in
N. crassa demonstrated the presence of an average resting membrane potential
around -200 mV. The H/ATP stoichiometry of the plasma membrane H -ATPase is+ +
generally one. However, under special conditions of energy starvation this
stoichiometry may increase to two suggesting the presence of iso zymes that differ
in H /ATP stoichiometry [256]. The magnitude of the cytosolic pH is influenced by+
plasma membrane H-ATPase activity, but is mainly regulated through intracellular+
processes [245]. Fungi are able to maintain a nearly constant cytosolic pH over a
wide range of external pH values, e.g. in N. crassa round pH 7.0-7.5 within an
external pH range of 4.0-8.5. 
The cellular differentiation and distinct way of growth of filamentous fungi
demand specific adaptations of the plasma membrane. The plasma membrane H-+
ATPase and nutrient carriers are distributed irregularly along the hyphae of
filamentous fungi [50]. In the growing apical region, the plasma membrane is almost
devoid of H-ATPase but harbors a considerable amount of nutrient transporters+
[141, 275]. In contrast, the plasma membrane of the non-growing metabolically
active sub-apical region possesses high amounts of the H-ATPas  and probably+
lower concentrations of nutrient transporters [141, 275]. Protons used in nutrient
transport at the hyphal tip are apparently supplied by the sub-apically located H-+
ATPases. Calculations indicated that apical nutrient uptake utilizes about 10% of
the protons pumped out sub-apically. As a result, a current and a pH gradient are
formed along a hypha; the current goes inward at the growing hyphal tip and exits
sub-apical. Intracellularly, the cytoplasmic level of calcium ions increases towards
the hyphal tip whereas the potassium concentration decreases [50, 275].
In the next paragraphs, transport of several nutrients and other solutes that
are of relevance in penicillin production will be discussed. Information on transport
in filamentous fungi is limited and mainly obtained from studies in N. cras a d
Aspergillus sp. [10, 132, 291]. So far, transport studies performed in P.
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chrysogenum concerned primarily the uptake of nitrogen and sulfur sources.
Knowledge on transport in yeast is much more advanced, e.g. several yeast
transporters have been characterized in detail and the complete genome of S.
cerevisiae has been sequenced and analyzed [221, 219]. For this reason and in
consideration of the many similarities, information obtained from yeast will be used
to complement current knowledge on transport in filamentous fungi.
 Mono- and divalent metal ion transport
Mono- and divalent metal ions are involved in multiple processes and fulfill
several essential functions in the fungal cell: i) divalent metal ions are important
constiuents of a variety of metallo-enzymes, for instance IPN synthase contains
Fe ; and ii) several vectorial processes are driven by gradients of mono- and2+
divalent metal ions that are sustained across the plasma membrane. Besides protons,
potassium, sodium and calcium ions are apparently used as coupling ions in solute
transport or are involved in hyphal tip growth [88, 89, 142, 269]. In addition to
transport systems that mediate uptake and efflux of ions via uniport, symport or
antiport mechanisms, the fungal plasma membrane contains gated ion channels
which allow passive downhill ion transport by forming aqueous diffusion pores [10,
291]. Typical properties of these channels are: i) the opening frequency is regulated
by changes in membrane potential, binding of ligands or mechanical forces like
membrane stretching; and ii) the flow of ions through these pores is extremely fast
(over 10 ions/s). The principal plasma membrane channel in yeast mediates6
potassium efflux and is activated by membrane depolarization and high cytoplasmic
calcium levels [10].
Most fungi maintain their cytoplasmic ion balance through controlled uptake
and release of potassium [119]. S. cerevisiae maintains high cytoplasmic potassium
levels (typically around 150 mM) through action of plasma membrane-located
potassium channels, K/H  symport (TRK1p) and K/H  antiport systems [10, 291].+ + + +
Usually, yeast maintain low cytoplasmic levels of sodium. Sodium secretion might
involve the putative S. cerevisiae plasma membrane P-type Na/Li -ATPase [10]. N.+ +
crassa also maintains high intracellular potassium levels (around 180 mM) and low
sodium levels (around 15 mM) [256]. Fungi possess various transport systems that
mediate uptake of divalent metal ions. S. cerevisiae contains in addition to copper
and iron transporters a general divalent cation transport system with a substrate
specificity: Mg , Co , Zn  > Mn > Ni > Ca > Sr [10]. Unlike S. cerevisiae,2+ 2+ 2+ 2+ 2+ 2+ 2+
P. chrysogenum and several other filamentous fungi produce cyclic peptide
siderophores that are involved in binding and uptake of Feat low extracellular iron3+ 
levels [119].
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Anion transport: uptake of sulfate and phosphate
P. chrysogenum harbors a high-affinity sulfate transport system (K  10 mM)m
that requires a relatively high ionic strength of the medium [130, 248, 309, chapter 6
of this thesis]. A study in hybrid plasma membrane vesicles showed that sulfate
uptake in P. chrysogenum occurs through an electroneutral process with an H/SO+ 2-4
symport stoichiometry of presumably 2:1 [130, chapter 6 of this thesis]. Thi
stoichiometry implies that sulfate uptake in P. chrysogenum is an energetically
expensive process. In P. notatum, sulfate is apparently transported in symport with
one proton and one calcium ion [67]. According to such a mechanism, one positive
charge is translocated and the driving forces for sulfate uptake would consequently
be: the transmembrane electrical potential ()R), the transmembrane pH gradient
()pH) and the chemical gradient of calcium ions ()p ). Although Ca was shownCa2+ 2+
to promote sulfate uptake, a stoichiometric coupling could not be demonstrated. It
has been suggested that the P.notatum sulfate transport system exchanges SO4
2-
/H /Ca  against Ca/2OH (or HPO  instead of 2OH) [67]. The possibility exists+ 2+ 2+ - 2- -4
that the sulfate uptake system studied in P. notatum ycelium functions by such a
complex mechanism, but it seems more likely that the combined action of Cand2+
sulfate transport systems was observed. The sulfate transport systems of Penicilliu
and Aspergillus species are highly specific for sulfate and analogous divalent
oxyanions like thiosulfate, selenate, and molybdate [130, 287, chapter 6 of this
thesis].
Transport of sulfate in fungi is strictly regulated and subjected to genetic and
metabolic ontrol mechanisms [146, 193, 194, 196, 222]. A kinetic analysis
indicated elevated expression of the characterized plasma membrane sulfate
tranporter in P. chrysogenum under sulfur deprived conditions [130, chapter 6 of
this thesis]. In N. crassa, cys-13 and cys-14 are two unlinked genes encoding two
distinct sulfate transport systems [146, 193]. The amino acid sequence derived from
the cys-14 gene suggest that the encoded transport protein has a molecular mass of
about 90 kDa, constituting 12 putative transmembrane domains [146]. The
expression of the genes encoding CYS13, CYS14 and sulfur catabolic enzymes is
controlled by three regulatory genes, scon-1, scon-2 and cys-3. The cys-3 gene
encodes a nuclear protein CYS3, a member of the bZIP protein family of DNA-
binding factors [175, 193, 194]. CYS3 is a homo-dimer and acts as a transcriptional
activator of sulfur catabolic genes. The expression of cys-3 itself is highly regulated
by sulfur catabolite repression and two unlinked control genes, sc n-1 a d con-2.
Four negative-acting sulfur control genes, sconA, sconB, sconC and sconD were
identified in A. nidulans, but no A. nidulans cys-3 homologue has been reported at
present [222]. Expression of the genes encoding CYS13 and CYS14 is also
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developmentally regulated, CYS13 is found predominantly in conidiophores while
CYS14 is located in mycelia [146]. Induction of the cys-14 gene is relatively slow,
presumably due to the short lifetime of the mRNA [151]. The half-life of both
transport systems is about 2 hours. The limited RNA stability and dynamic turnover
of the transport systems allows N.crassa to strictly regulate the accumulation of
sulfate. CYS14 belongs to the SUL family of sulfate transporters which includes the
canicular sulfate transporter of rat hepatocytes and the human sulfate transporter
[10]. The genes of the two high affinity sulfate transporters of S. cerevisiae, SUL1p
and Sul2p, have been cloned [10, 57].
In fungi, uptake of inorganic phosphate occurs through H- and Na-+ +
phosphate symport [10, 119, 291]. In S cerevisiae, at least three transport systems
are involved in the uptake of inorganic phosphate. The PHO84 permease is a
derepressible high-affinity system mediating H-phosphate symport (K 1-15 mM)+ m
[35]. This system might be a complex of several proteins including PHO86p,
PHO87p besides PHO84p and possibly GRT1p [310]. PHO84p catalytically
resembles the PHO5 H-phosphate symporter of N. crassa [297]. Kinetic studies+
indicated that yeast cells also possess a constitutive, low-affinity (K  ~0.8 mM)m
phosphate/H symport system [35]. The putative YBR296 permease of S. c revisiae+
and the N. crassa PHO4 permease are closely related to the mammalian kidney Na-+
phosphate symporter and other Na-phosphate symporters [10]. YBR296 might be+
the high-affinity Na-phosphate symport system kinetically characterized by+
Roomans and co-workers [238]. A large increase (from trace amount to 25 mM) of
the external sodium concentration stimulated PHO4 activity 85-fold, suggesting that
PHO4 is a Na-phosphate-symporter [298].+
Sugar transporters
Transport of sugars occurs in fungi via two distinct mechanisms: diffusion or
proton symport [32, 169, 233]. Inside the yeast cell, glucose is rapidly
phosphorylated but glucose uptake does not depend on hexokinase activity [264]. In
S. cerevisiae, glucose and other hexoses are taken up by diffusion involving
members of the HXT family of hexose transporters [164]. In A. nidulans, glucose is
taken up by a high affinity proton symport system (K  ~0.05 mM) [210]. N. crassam
possesses two transport system for glucose uptake, a high affinity proton symport
system (K  ~0.03 mM) [210] and a low affinity system (K 8-25 mM) that catalyzesm m
transmembrane diffusion [119, 258]. The low affinity system is expressed
constitutively whereas the high affinity system is repressed by high glucose
concentrations. Usually, substantial amounts of the glucose transported into the cell
are converted into the storage compounds glycogen and threhalose, of which the
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later is often used as an osmoprotectant [119]. Uptake of disaccharides such as
lactose and maltose occurs through proton symport [291, 303].
Uptake of nitrogen sources
Fungi utilize active transport systems to take up the common nitrogen source
in penicillin production: ammonium [10, 118, 122]. In S. cerevisiae at least two
specific high-affinity systems, Mep1 and Mep2, are involved in the upatke of
ammonium at low concentrations[10]. A MEP1/MEP2 double mutant was shown to
grow slowly at low ammonium concentrations (1 mM) but almost normally at high
concentrations (20 mM) [84]. This might indicate the presence of a low-affinity
high-capacity transport system but since the pK of ammonia is 4.75, passiveb 
diffusion of the neutral species could also explain the observed growth rates of the
mutant. P. chrysogenum takes up ammonium through uniport, but a substantial
influx may occur through passive diffusion during penicillin production at a
medium pH of about 6.5 [118, 122].
It is commonly assumed that amino acid transport systems play a trivial role
in penicillin production. The three amino acid precursors of LLD-ACV areobtained
by de novo synthesis in P. chrysogenum and addition of these amino acids only
stimulates penicillin production in auxotrophic mutants. Furthermore, free amino
acids present in corn steep liquor are utilized during the initial phase of the
production stage before penicillin production starts [125, 210]. Nonetheless, the role
of amino acid transporters during penicillin production might be underestimated.
During the production stage extensive fragmentation and lysis of mycelium occurs,
resulting in the release of amino acids, peptides and proteins [209, 220]. Whether
these compounds are recovered through the combined action of proteinases and
amino acid transport systems is unclear.
Two distinct classes of plasma membrane located amino acid permeases are
found in filamentous fungi: i) systems that catalyze the uptake of structurally related
amino acids with a broad substrate specificity, like the general amino acid
permeases of plant and animal cells [51, 172, 198]; ii) systems with a narro
substrate specificity like bacterial amino acid transporters [229]. The amino acid
transport systems of yeast and filamentous fungi are assumed to be H-symport+
systems [119, 131, 132]. P.chrysogenum possesses at least six distinct amino acid
transport systems (Table 1.5) [29, 119, 131, 132, 135, 136, 304]. Most of these
systems are specific for one amino acid and related analogues except for system III
which transports neutral and basic amino acids, and system IV which transports
acidic amino acids [131, 132, 135]. Factors like growth phase, medium composition
and stage of development strongly influence the expression, regulation and 
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Table 1.5 Amino acid transport systems from P. chrysogenum [132].
System Substrates K  (mM)   V  pH m max
(nmol/min.mg d.w.)optimum
I L-methionine 10 1-3 6
II L-cysteine 20 1.2 4-6
III neutral and basic 10 - 25 10 6
amino acids
IV L-aspartate, 20 10 5.5
L-glutamate
VI L-arginine, 6 1 4-7
L-lysine
IX L-cysteine 140 2.1 4-6
properties of amino acid transport systems [133]. In P. chrysogenum, the genes
encoding transport systems for L-arginine and L-lysine (VI), and L-cysteine (IX) are
expressed constitutively. Genes encoding transport systems specific for methionine
(I) and cystine (II) are only expressed under sulphur starvation. Carbon or nitrogen
starvation induces the expression of genes encoding the transport systems for
neutral and basic amino acids (III) and acidic amino acids (IV) [29, 132, 133]. 
Amino acid transporters of fungi are assumed to possess some typical
properties: i) they seem to function unidirectional; i.e. only uphill transport is
observed while efflux or countertransport of the accumulated amino acids is not
detected [132, 133, 216]; ii) their activity is regulated by trans-inhibition, i.e. an
high internal concentration of an amino acid appears to lower the activity of th
transport system and thereby inhibits further uptake (transinhibition decreases the
maximal transport rate (V ) without affecting the affinity (K ) of the system) [132,max m
133, 136, 218]. This phenomenon would allow a regulation of the intracellular
amino acid pools and prevent the cell from reaching deleteriously high cytosolic
amino acid concentrations. However, studies in hybrid plasma membrane vesicles
showed that the constitutive arginine/lysine permease (system VI) of P.
chrysogenum functions in a reversible manner [130, chapter 3 of this thesis].
Moreover, with the hybrid membrane vesicles, no evidence was obtained that trans-
inhibition by arginine occurs. Internal arginine concentrations up to 10 mM did not
inhibit the efflux process in the plasma membranes, while such concentrations block
the counterflow activity in mycelium. Apparently, uni-directional transport and
trans-inhibition are specific for intact mycelium, and presumably caused b
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metabolism or compartmentalization in the cell instead of representing specific
kinetic properties of the permease. In analogy to S. cerevisiae, a symport
stoichiometry (n ) of 1 Hper amino acid was determined for the basic amino acidapp
+ 
permease [129, chapter 3 of this thesis]. Valine uptake is also driven by a
transmembrane proton gradient, indicating that the plasma membrane located amino
acid transporters of P. chrysogenum are proton symporters [127, chapter 2 of this
thesis].
Uptake monovalent weak organic acids
Phenylacetic acid and phenoxyacetic acid, the side-chain precursors used in
commercial penicillin production are weak monovalent organic acids (pK -v lue ofa
4.3 and 3.1, respectively). In their undissociated form, many monovalent weak
organic acids rapidly diffuse across the plasma membrane [150, 300].
Consequently, elevated concentrations of permeant weak acids are often growth
inhibitory since they cause enhanced passive influx of H or affect plasma+
membrane fluidity [253, 296]. In N. crassa, addition of butyric acid resulted in a
rapid acidification of the cytoplasm followed by accelerated proton extrusion and an
increase in the plasma membrane co ductance [245]. Alexandre and co-workers [7],
reported that addition of lipophilic medium-chain length fatty acids, like octanoic
and decanoic acid, resulted in an increased plasma membrane fluidity and H-+
ATPase activity in S. cerevisiae. Besides uptake through passive diffusion,
facilitated transport of monocarboxilic acids has been reported in several cell types
and organisms [53, 54, 77, 100, 112, 173]. Several yeast take up lactate and other
short-chain carboxylic acids through proton symport. Studies at the lactate/H+
symporter in hybrid membrane vesicles of the yeast Candida utilis demonstrated
electroneutral uptake, indicating a 1:1 stoichiometry [112].
Based on their toxicity and hydrophobicity it has commonly been assumed
that phenylacetic acid and phenoxyacetic acid were taken up by P. chrysogenum
through passive diffusion. Recently, Fernández-Cañón and co-workers [100]
presented evidence for the presence of a specific phenylacetic acid uptake system in
P. chrysogenum. In these studies, no passive influx of phenylacetic acid was
detected at moderate pH values, i.e., pH 5 to 8. However, from data of Fernández-
Cañón and co-workers, Nielsen calculated that substantial passive influx of
phenylacetic acid had to occur at pH 6.5 [210]. Based on this, and the observation
that regulation and induction of the putative phenylacetic acid transport system
coincides completely with the regulation and induction of penicillin biosynthesis
[101], the existence of a phenylacetic acid transport system has been questioned.
Extensive studies on phenylacetic acid transport in P. chrysogenum by Hillenga and
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co-workers [128, chapter 5 of this thesis], indicated that uptake of phenylacetic acid
only occurs through passive diffusion. Studies on the rate of phenylacetic acid
uptake in mycelial suspensions showed no saturation kinetics. Moreover, the initial
rate of phenylacetic acid uptake increased 10-fold upon lowering the external pH
one unit. The process of phenylacetic acid uptake through passive diffusion was
much faster than penicillin production. Eriksen and co-workers [93] showed that the
penicillin V precursor phenoxyacetic acid is taken up by P. chrysogenum through
passive diffusion.
Penicillin secretion: passive diffusion or transport?
Although of significant importance in penicillin production, nothing is know
about the mechanism by which penicillin is released into the medium by P.
chrysogenum. The final step in penicillin biosynthesis constitutes the conversion of
isopenicillin N into a more hydrophobic penicillin, apparently primed to leave the
cel by simple diffusion across both the microbody and plasma membrane. The rate
of passive transmembrane diffusion is mainly determined by properties of the solu e
like hydrophobicity and size, and physical characteristics of the membrane such as
acyl chain length, degree of saturation of fatty acids and fluidity [111, 266]. The
penicillins produced by P. chrysogenum are amphipatic compounds, moderately
hydrophobic and due to the presence of a carboxyl group with a pK  of 2.73a
negatively charged at normal cytosolic pH values [153]. Log P values, based on
octanol-water partition of the penicillins G and V in their undissociated form are
0.451 and 0.890, respectively [227]. Studies with E cherichiae coli cells, and
liposomes prepared from E.coli lipids, indicated that penicillin G is able to rapidly
diffuse across membranes [177, 311]. Penicillin has no significant perturbing effect
on the membrane structure of human erythrocytes, but lowers the viscosity of
phosphatidylcholine containing liposomes [153, 273]. Based on the latter
observation it is anticipated that very high concentrations of penicillin G and other
hydrophobic penicillins exert toxic effects due to lipophilic interactions with the
plasma membrane and intracellular membranes [253]. The final penicillin titers
obtained in industrial fermentation processes are estimated to be at least 120 mM
[65]. When production strains secrete penicillin through passive diffusion and the
produced penicillin distributes across the membrane according to the pH gradient, it
is expected that the internal concentration of penicillin is about one order of
magnitude higher than the external concentration. An internal penicillin
concentration exceeding 1 M would certainly be toxic to the fungal cell. Hence,
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whereas passive efflux mechanisms could serve the needs of low penicillin
producing species in nature, this is not likely to be the mechanism operative in
current industrial strains.
Many antibiotic producing microorganisms possess active product secretion
mechanisms [66, 211, 212]. Several actinomycetes and other bacteria utilize
membrane permeability barriers in combination with efflux mechanisms for the
exclusion of secondary metabolites [201]. Two groups f dr g-resistance-conferring
proteins are distinguished: secondary transporters that mediate the extrusion of
drugs in exchange with coupling ions and the ATP-binding cassette (ABC)
transporters which utilize ATP as an energy source for drug efflux [33, 294]. Some
of these drug transporters have a narrow substrate specificity but most are multi-
drug transporters which catalyze the efflux of a wide range of structurally non-
related compounds. At present several families of these drug transporters are
distinguished: the ABC-superfamily, the major facilitator superfamily (MFS), the
resistance nodulation cell division (RND) family and the small multidrug resistance
(SMR) family [33, 117, 221, 294]. Members of the ABC superfamily, e.g. the
mammalian P-glycoproteins, typically contain two domains of six transmembrane
"-helical segments and two large hydrophilic domains that each contain one ATP-
binding cassette. Members of the ABC superfamily are involved in export of toxic
ions and antibiotics and convey resistance against compounds like methotrexate,
chloroquine, heavy metals and a wide range of hydrophobic anticancer drugs.
Several fungal ABC proteins have been characterized and their respective genes ar
cloned, especially in yeast [117, 294]. MFS members use the )p to drive the
extrusion of amongst others anti-cancer drugs, antibiotics and quarternary
ammonium compounds. Recently, genetic a alysis of the Nocardia lactamdurans $-
lactam gene cluster revealed the presence of a gene encoding a plasma membrane
located transmembrane protein. This protein contains 11-12 transmembrane "-
helices and is thought to be involved in the secretion of cephamycin C [61]. This
protein may correspond to a secondary excretion system, possibly an H-antiport+
system. In nature, several examples are found of secondary metabolite secretion
through secretory vesicles; especially plants utilize this process to export secondary
metabolites [47]. Secretion vesicles that transport naphthoquinone endproducts to
the plasma membrane are formed in shikonin-producing cells of Lithospermum
erythrorhizon. Secretion vesicles are also found in Thalictrum minus cells that
secrete berberine. Similar to the secretion mechanisms for secondary metabolites
encountered in bacteria and plants, active release of penicillin might occur through
either H-antiport, ATP-driven secretion or via an exocytosis-like process. Transport+
systems that are able to translocate $-l ctams have been detected in E.col and in
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brush border membranes from rabbit small intestine [161, 162, 163, 211, 212].
Outline of this thesis
Reports on the presence of a phenylacetic acid transport system in P.
chrysogenum and indications for a complex spatial organization of penicillin
biosynthesis has focused attention on the transmembrane transporters. Moreover,
the prospect of metabolic engineering of industrial P. chrysogenum strains has led
to the realization that the information on compartmentalization and transport
systems in this fungus is limited and often inconclusive. All transport studies in P.
chrysogenum presented so far have been conducted with mycelial suspensions only.
However, intact cells are regarded inadequate for transport studies as metabolism
and compartmentalization of the transported compounds often interfere with a
reliable interpretation of the results. Furthermore, the complex morphology and the
presence of intracellular compartments make it impossible to relate the uptake of
solutes in a quantitative manner to the driving forces. Transmembrane transport
processes and several significant features of compartments like the vacuole and
penicillin microbody can only be studied accurately with isolated membranes and
organelles. The primary aim of the research described in this thesis was to study
plasma membrane located transport processes associated with penicillin production.
Two P.chrysogenum strains were used throughout this study, Wisconsin 54-1255
and Panlabs P2, both descendants from the NRRL1951 strain. In submerged culture,
these strains differ significantly in morphology and penicillin production capacity.
The Wisconsin 54-1255 strain grows dispersed, i.e., consisting of long, sparsely
branched hypha, and produces in complex media up to 2.5 mM of penicillin. In
contrast, the Panlabs P2 strain grows in pellets, spherical agglomerates of densely
branched hyphal elements, and produces in complex media up to 25 mM of
penicillin. To avoid the above-indicated problems, a procedure for the isolation of
plasma membranes from these P. chrysogenum strains was developed. A well-
controlled hybrid- membrane system devoid of metabolic activities, endowed with
low ion- permeability and simple to energize was obtained by fusion of the isolated
plasma membranes with cytochrome-c- xidase containing vesicles. These hybrid
membrane vesicles were used to study )p-dependent transport systems that reside in
the plasma membrane.
In chapter 2 a novel procedure is described for the isolation of plasma
membranes from different P. chrysogenum strains. As demonstrated by the )p-
dependent uptake of valine and arginine, fusion of the isolated plasma membranes
with cytochrome-c-oxidase containing vesicles resulted in a functional hybrid
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membrane system. Chapter 3 describes the use of the hybrid membrane vesicles to
study in detail the kinetic and energetic properties of the constitutive arginine/lysine
permease (system VI) of P. chrysogenum. It is concluded that the basic amino acid
permease is a H-symporter with a narrow substrate specificity and that functions+
bi-directional. Chapter 4 describes the characterization of sulfate transport in P.
chrysogenum. Sulfate transport is assumed to play a significant role in penicillin
production. The data shows that sulfate is taken up via a distinct transport system
that catalyses electroneutral symport of two protons with one sulfate anion.
Chapter 5 describes studies on the mechanism of phenylacetic acid uptake using
lipid vesicles and mycelial suspensions. Phenylacetic acid is taken up exclusively
via passive diffusion and not by a specific transport system as reported by
Fernández-Cañón a d co-workers [100]. Furthermore, the obtained results indicated
that uptake of phenylacetic acid does not constitute a rate-determining step in
penicillin G production by current industrial strains. Ch pter 6 deals with the
influence of the membrane composition on penicillin G and V permeability.
Ergosterol was found to be a major determinant of the membrane permeability, and
it is suggested that the P. chrysogenum plasma membrane can act as an effective
permeability barrier that prevents passive diffusion of penicillin. These findings
strongly suggest the presence of an active excretion mechanism. The work presented
in this thesis and future developments are discussed in chapter 7 a d summarized in
chapter 8.
Chapter 2
Structural and functional properties of
Penicillium chrysogenum 
plasma membranes
Dirk J. Hillenga, Hanneke J.M. Versantvoort, Arnold J.M. Driessen and Wil N.
Konings. 1994. Eur. J. Biochem. 224:581-587
SUMMARY
Functional plasma membranes from the filamentous fungus Penicillium
chrysogenum have been isolated with the objective of studying transport proces es. The
isolation procedure consists of three steps, namely homogenization of cells with a
Braun MSK homogenizer, followed by Percoll gradient centrifugation and floatation
of membranes in a three-step Nycodenz gradient. This method can be applied to strains
which differ significantly in morphology and penicillin-production capacity. Plasma
membranes were fused with liposomes containing the mitochondrial cytochrome c
oxidase. In the presence of reduced cytochrome c, t e hybrid membranes maintained
a high proton motive force that functions as a driving force for the uptake of the amino
acids arginine and valine via distinct transport systems.
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INTRODUCTION
For more than five decades penicillins have been commercially produced using
the filamentous fungus Penicillium chrysogenum. This has prompted intensive research
on the biochemistry, genetics and metabolic regulation of penicillin biosynthesis [125,
187]. Less information is available on th  transport processes of precursors needed for
the production of penicillin. The biosynthesis of penicillin proceeds in at least two
cellular compartments, the cytosol and a microbody [204, 174]. This implies that
precursors, end-products and intermediates of penicillin biosynthesis have to cros
several membranes. One ore more of these transport steps may become limiting during
the production of penicillin by the industrial strains that are presently used. Studies
with intact mycelia demonstrate that P. chrysogenum contains transport systems that
may play a crucial role in the biosynthesis of penicillin [100, 134].
Whole cells and, in particular, intact mycelia, are inadequate for transport
studies as metabolism and compartmentalization of the transported compounds may
hamper a reliable interpretation of the resul s. Also, the morphology of mycelia differs
significantly for various strains. These problems can be avoided by the use of plasma
membrane vesicles that are devoid of metabolic activities. Plasma membranes are
routinely isolated from a wide variety of organisms and cell types. Filamentous fungi
are a remarkable exception to this rule since only for a few species isolation procedures
have been described [246, 37, 288]. For these few procedures mainly the preparation
of inside-out vesicles has been described, while in the case of right-sid ut vesicles
no convenient method is available to energize the membrane. Although the P.
chrysogenum plasma membranes contain a P-type Hranslocating ATPase, ATP+
cannot be used to energize right-side out membrane vesicles since when added from
the outside ATP will not reach the catalytic side. Alternatively, artificial imposed ion-
gradients can be used, but the application of this technique is limited as gradients
rapidly decay. To study proton-motive force ()p)-dep ndent transport systems, plasma
membranes may be fused with liposomes containing an accessible primary proton
pump. This approach has successf lly been applied to both bacterial and yeast plasma
membranes [83]. After fusion, the hybrid membranes are usually endowed with a low
ion-permeability, and are thus able to sustain a high )p for a considerable period of
time.
In this study we present an isolation procedure that yields closed, transport-
competent plasma membrane vesicles from the filamentous fungus P. chrysogenum.
This procedure can be used for different strains. By fus g the plasma membranes with
liposomes containing the beef heart mitochondrial cytochrome-c xidase, a hybrid
system is obtained that is active for the )p-dependent uptake of amino acids. This
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study therefore demonstrates amino acid transport in plasma membranes derived from
a filamentous fungus.
EXPERIMENTAL PROCEDURES
Organisms and culture conditions
P. chrysogenum strains Wisconsin 54-1255 and Panlabs P2 (kindly supplied by
Gist-brocades NV) were grown on production medium (pH 6.3) as described by Lara
et al. (1982) supplemented with 10 mM glutamate and 10 % (mass/vol.) glucose.
Cultures were incubated for approximately 70 h in a rotary shaker at 200 rpm and 25
C. The Wisconsin 54-1255 strain was previously cultured for 24 h on productiono
medium, with the omission of phenylacetic acid and lactose, containing 16%
(mass/vol.) glucose. The P2 strain was previously cultured on YPG medium [1 %
(mass/vol.) Yeast extract, 2 % (mass/vol.) Peptone and 2 % (mass/vol.) Glucose] for
72 h at pH 7.
Plasma membrane isolation
Mycelia was harvested by filtration and washed with an equal volume of 0.9%
NaCl (w/v). All subsequent steps were performed at 4 C. Mycelia was suspended ino
cold homogenization 25 mM Mops/KOH, pH 7.2, 0.25 M sucrose, 5% (mass/vol.)
glycerol, 1 mM MgCl, 2 mM dithiothreitol, 1 mM EDTA, 1 mM2
phenylmethylsulfonyl fluoride (PhMeSOF), 0.15 mM tetracaine, 1 µg/ml leupeptin2
and 1 µg/ml pepstatin (buffer A), at 12.5 mg/ml and 7.5 mg/ml (dry masses) in case of
the P2 and Wisconsin 54-1255 strains, respectively. A 75-ml glass flask containing 50
g (P2) or 40 g (Wisconsin 54-1255) glass beads (1-mm diameter) was completely filled
with the suspended mycelia. This suspension was homogenized using a Braun MSK
Homogenizer for 2 min at full speed under cooling by liquid carbon dioxide expansion.
Whole cells and debris were removed by centrifugation (3000 x g for 5 min in a
Beckman CS-6R swing-out rotor; the supernatant is referred to as the homogenate).
Percoll was added to the homogenate (24%, final concentration) and the mixture was
subsequently centrifuged for 30 min at 30,000 x g in a 45 Ti rotor. The upper band,
which contained sealed plasma membranes, was removed and diluted fourfold with
buffer A (the remainder of the Percoll gradient is eferred to as fraction 1). Percoll was
removed by centrifugation for 2 h at 100.000 x g in a 45 Ti rotor. Membrane pellets (on
top of the Percoll pellet) were collected and suspended in buffer A (the final volume
was 5% the volume of the homogenate used; the supernatant is referred to as fraction
2). The membrane suspension (4.8 ml) was mixed with a stock solution of 50%
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(mass/vol. in buffer A) Nycodenz (Sigma, 3.2 ml), and poured i to a thick-walled tube.
Subsequently, 6 ml 15% (mass/vol.) Nycodenz (in buffer A) and 4 ml buffer A were
layered on top of this mixture. The gradient was centrifuged in a SW 28 rotor for 1.5
h at 90,000 xg. Sealed plasma membranes were recovered as a white band at the
interphase of 15% (mass/vol.) Nycodenz and buffer A. Interphases were collected and
diluted ten-fold with buffer A (the remainder of the Nycodenz gradient is referred to
as fraction 3). The diluted membrane suspension was centrifuged for 30 min at 25,000
x g in a SS34 rotor, and the plasma membranes, recovered as a pellet, were suspended
in a small volume of buffer A and stored under liquid N.2
Marker enzyme activities
Vanadate-inhibited ATPase activity was determine as described by Widell and
Larsson (1990) at pH 6.3. Triton X-100 was added to a final concentration of 0.05%
(mass/vol.). ATP hydrolysis was measured by determining the released inorganic
phosphate with malachite green [170] in the presence of 0.1% (mass/vol.) Triton X-
100. Nitrate-sensitive ATPase activity (inhibition by 25 mM nitrate) was determined
at pH 7.5 in the same way as vanadate-inhibited ATPase activity. Cytochrome-c
oxidase was determined at pH 7.5 as described by Storrie and Madden (1990), and
glucose-6-phosphatase was determined in the presence of 0.1% (mass/vol.) Lubrol PX
using the coupled assay described by Gierow and Jergil (1982). Measurements were
performed with an Aminco DW2000 spectrophotometer. "-D-Mannosidase was
determined at pH 5.5 in the presence of 0.1 % (mass/vol.) Lubrol PX using a
fluorimetric assay described by Faberet al. (1986). Measurements were performed on
a Perkin-Elmer LS50B luminescence spectrometer. All marker enzymes were assayed
at 25 C.o
Electron microscopy studies
Phosphotungstic acid was used at low pH for cytochemical staining of plasma
membranes as described by Roland et al.(1972). Glutaraldehyde/osmium tetroxide
fixed, Epon-embedded membranes were, after etching, stained in the presence of
chromic acid. The ultrathin sections were examined in a Philips CM-10 electron
microscope. To quantify the amount of stained membranes a simple morphometric
procedure was used [172]. A transparent overlay bearing parallel lines 1 cm apart was
placed over electron micrographs at a final magnification of approximately 35,000-fold.
Intercepts of lines with membranes were counted and the amount of stained membranes
was calculated as intercepts with stained membranes/100 total intercepts. Freeze
fracture electron micrographs were prepared from replicas of membranes frozen in
liquid nitrogen (N slush). The replicas were examined with the same electron2
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microscope as the ultrathin sections.
Orientation of membrane vesicles
The orientation of membrane vesicles was determined by trypsin inhibition of
ATPase activity [172]. An equivalent amount of trypsin (mg trypsin/mg membrane
protein) was added to membranes suspended in the buffer used to determine vanadate-
sensitive ATPase activity. After incubation for 10 min at 25 C in the presence oro
absence of 0.1 % (mass/vol.) Triton X-100, trypsin inhibitor was added and the
vanadate-sensitive ATPase activity of the samples was determined in the presence of
0.1% (mass/vol.) Triton X-100.
Membrane fusion
Bovine heart mitochondria were obtained according to the procedure described
by King (1967). Cytochrome-c oxidase was isolated from these mitochondria as
described by Yu et al. (1975), suspended in 50 mM sodium phosphate (pH 7.5)
containing 1.5 % (mass/vol.) cholic acid and stored in liquid nitrogen. Cytochrome-c
oxidase was reconstituted in liposomes, composed of 75 % (by mass) acetone/ether
washed Escherichia coli lipids and 25 % (by mass) Egg Yolk L-phosphatidylcholine,
at a protein/lipid ratio of 0.16 nmol heme a/mg lipid [82]. Cytochrome-c-oxidase-
containing liposomes (10 mg lipid) and plasma membranes (1 g protein) were mixed,
rapidly frozen in liquid nitrogen and thawed slowly at 21 °C [83]. The freeze-thaw step
was repeated once, and hybrid membranes were sized with a small-volume extrusion
apparatus (Avestin Inc., Ottawa, Canada) [184] using polycarbonate filters (Avestin)
with pore sizes of 400 nm and 200 nm. Fused membranes had a protein/lipid ratio of
approximately 0.08-0.09 (mass/mass) (relative to phospholipid).
Electrical and pH gradients across the membrane
The transmembrane electrical potential ()R, interior negative) was calculated
from the distribution of the tetraphenylphosphonium ion (TPP), assuming+
concentration dependent binding to the membranes as described [178]. The external
concentration f TPP was determined with a TPP-selective electrode. Cytochrome-c+ +
oxidase vesicles (corresponding to 0.23 nmol cytochrome-c oxidase) were added to 50
mM potassium phosphate of the indicated pH, containing 5 mM MgSO and 2 µM4
TPP . A proton-motive force ()p) was generated by the addition of ascorbate (10 mM,+
adjusted to the desired pH), N,N,N',N'-tetramethyl-p-phenylenediamine (Ph(NMe) ;2 2
200 µM) and horse heart cytochrome c (20 µM). When indicated, the ionophores
nigericin and valinomycin were used at concentrations of 10 and 100 nM, respectively.
The pH gradient across the membrane ()pH, interior alkaline) was determined from
42/Chapter 2
the fluorescence of pyranine (excitation, 450 nm; emission, 508 nm), measured with
a Perkin Elmer LS50B luminescence spectrophotometer. Pyranine (100 µM) was
entrapped in proteoliposomes by freeze-thaw-sonication [82]. External pyranine was
removed with a Sephadex G-25 column (coarse, 1/20 cm). Valinomycin was added to
a final concentration of 50 nM. A )p was generated by addition of the electrondonor
system as described for )R-measurements. When indicated, nigericin was added to a
final concentration of 1 µM.
Transport studies
Uptake of the amino acids arginine and valine was studied at 25 C. Myceliao
were suspended in 50 mM potassium-phosphate (pH 6.5) at final densities of 10 mg/ml
(P2) or 6 mg/ml (Wisconsin 54-1255). L-[U-C]-arginine (Amersham, 38 Ci/mol) or14
L-[U- C]-valine (Amersham, 28 Ci/mol) were added to the mycelial suspension to a14
final concentration of 30 µM. At given tim  intervals, samples of 0.5 ml were taken,
added to 2 ml ice cold 0.1 M LiCl, and immediately filtered on paper filters (grade
520b, Schleicher & Schüll). Filters were washed once with 2 ml ice cold 0.1 M LiCl,
and were transferred to scintillation vials. The mount of radioactivity was determined
with a liquid scintillation counter (Packard Tri-Carb 460 CD; Packard Instruments).
Cells were de-energized by preincubation with the protonophore carbam yl-cyanide-m-
chloro-phenylhydrazone (CFOPhC(CN), 10 µM) for 5 min at 25 C.3 2 2
o
For uptake studies with hybrid membranes, vesicles were suspended to a final
concentration of approximately 1.2 mg protein/ml in 50 mM potassium phosphate (pH
6.5) containing 5 mM MgSO. After a 1-min ncubation in the presence of the electron4
donor system ascorbate (30 mM), Ph(NMe)  (150 µM), and horse heart cytochrome2 2
c (7.5 µM), L-[U-C]-amino acids were added. At given time intervals, samples of 2014
µl were taken, added to 2 ml ice cold 0.1 M LiCl, and immediately filtered on 0.45-µm
pore sized cellulose-nitrate filters (Schleicher and Schüll) and processed as described
above.
Other methods
Protein concentrations were determined in the presence of 0.5 % (mass/vol.)
SDS using a modified Lowry assay [289]. Bovine serum albumin was used as a
standard. The phospholipid content of plasma membraneswas determined as described
by Rouser et al. (1970). Carbohydrate was assayed using the phenol/sulphuric acid
procedure [15]. D-glucose was used as a standard. Total sterols were assayed as
described by Rose and Veazey (1991).
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RESULTS
Isolation of plasma membranes
Plasma membranes were isolated from two P. chrysogenum strains, i.e.
Wisconsin 54-1255 and Panlabs P2. These strains differ significantly in morphology
and in their capacity to produce penicillin. A final penicillin titre of 25 mM can be
reached by the P2 strain while the Wisconsin 54-1255 strain produces approximately
ten-fold lower titres. P chrysogenum possesses a thick and rigid cellular wall and
therefore only a few homogenization procedures can be used to reak whole cells. Fast
mechanical disruption of mycelia with glass beads using a Braun MSK Homogenizer
showed to be the most convenient method. A short homogenization time combined w th
large glass beads were used to prevent excessive disruption of cell organelles. Within
2 min, more than 95% of the cells were broken. Under these conditions, at least 70%
of the mitochondria remained intact as judged from the latency of malat
dehydrogenase activity. After homogenization and removal of whole cells and debris,
plasma membranes were isolated by Percoll gradient centrifugation and a three-step
Nycodenz gradient. Depending on the construction of he Nycodenz gradient, a second
fraction of plasma membranes at 1.15-1.17 g/ml was obtained. These plasma
membranes  showed to be highly permeable to H, even after fusion with liposomes+
containing cytochrome c-oxidase, no substantial proton gradient could be generated.
To determine the extent of contamination by other membranes, membrane
fractions were extensively characterized with the use of biochemical and morphological
markers as described by Larsson and Møller (1990). Plasma membranes from P.
chrysogenum contain a vanadate sensitive P-type ATPase that proved to be a
convenient and reliable marker. Like other plant and fungal P-type ATPases [249, 306],
the ATPase activity is dependent on magnesium and is stimulated by potassium.
Furthermore, the activity is significantly inhibited by vanadate (100 µM), while azide
(<5mM), nitrate (<50 mM) and oligomycin (<100 µM) are ineffective. The specific
activity of the vanadate sensitive ATPase increased approximately 25-fold during the
isolation procedure (Fig.2.1, Table 2.1). Cytochrome c-oxidase, "-D-mannosidase and
glucose-6-phosphatase were used as markers for the inner mitochondrial membrane,
the vacuolar membrane and the endoplasmatic reticulum, respectively. "-D-
mannosidase is only loosely attached to the vacuolar membrane [158], therefore several
control experiments were performed to ensure that the m asured activities reflected the
actual content of vacuolar membranes in different fractions. All "-D-mannosidase
activity could be pelleted by centrifugation at 100,000 g for 1h, and the sedimentation
of "-D-mannosidase and nitrate-sensitive ATPase activities coincided during several
differential centrifugation steps (data not shown). From the marker enzyme activities,
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Table 2.1 Marker enzyme activities and protein c ntent of fractions obtained during the
isolation of plasma membranes from P. chrysogenum Wisconsin 54-1255 and P2. Data are
based on the use of approximately 10 g mycelia (dr  mass) as starting material. Fractions were
obtained as described in the Experimental Procedures section. The H-ATPase activity is the+
vanadate-sensitive (100 µM) activity. Values in parentheses indicate the total activity (%). !,
not determined.




Wisconsinhomogenate0.08 (100) 70 (100) 0.6×10 (100) 0.20 (100)3800
54-1255
-3
fraction 1 0.03 (16) 140 (84) 1.1×10(80) 0.32 (69) 1650-3 
fraction 2 ! ! ! ! 1325
fraction 3 0.25 (30) 140 (19) 0.7×10 (12) 0.44 (21)  360-3
plasma 1.90 (46)  10 (0.3) 0.2×10 (0.5) 0.02 (0.2)   72
membranes
-3
P2 homogenate0.04 (100)200 (100) 1.4×10 (100) 0.10 (100)4200-3
fraction 1 0.04 (49) 410 (92) 2.5×10(81) 0.17 (78) 1885-3 
fraction 2 ! ! ! ! 1500
fraction 3 0.17 (32) 410 (14) 1.8×10 (9) 0.21 (15)  300-3
plasma 0.80 (22)  20 (0.1) 0.9×10 (0.8) 0.01 (0.1)   46
membranes
-3
it can be concluded that the majority of contaminating membranes is removed by the
Percoll gradient step. The specific activity of the plasma membrane ATPase increased
approximately eight-fold for both strains by this step. Remaining contaminants were
effectively removed by the three-step Nycodenz gradient. For both strains, an
approximately similar increase in specific activity of the plasma membrane ATPase
was obtained although the yields differed (Table 2.1).
Inhibitor studies with the homogenates of both P. chrysogenum strains
revealed the presence of three predominant ATPases that differed in pH optimum and
sensitivity towards inhibitors (Fig. 2.1A). The activities can be attributed to a vanadate-
sensitive P-type ATPase with a pH optimum of 6.3, a nitrate-sensitive V-type ATPase
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Fig. 2.1 ATPase activity of cellular fractions. (A) Inhibition of different ATPases by specific
inhibitors. Inhibition of ATPase activity in the homogenate of the P2 strain at different pH by
100 µM vanadate (), 25 mM KNO () and 2 mM azide ().(B) pH dependency of ATPase3
activity in different membrane fractions. The ATPase activity is shown for the homogenates
(M), the partial purified membrane fractions obtained after the Percoll gradient step () an
the finally obtained plasma membrane fractions () of the P2 strain (left panel) and the
Wisconsin 54-1255 strain (right panel).
with an intermediate pH optimum of pH 7.5, and an azide-sensitive FF -type ATPase0 1
with a pH optimum of approximately pH 9. The purified Wis 54-1255 plasma
membranes showed only a high ATPase activity at approximately pH 6 (Fig. 2.1B),
while P2 plasma membranes contained contaminating vacuolar membrnes s indicated
by a small peak at approximately pH 7.5 (Fig. 2.1B). 
Phosphotungstic acid staining was used as a morphological marker for the
plasma membranes (Fig. 2.2). Under appropriate conditions, phosphotungstic acid
stains specifically plant and fungal plasma membranes [237]. Whole cells and
protoplast of P. chrysogenum showed a distinct staining of the plasma membranes
only (Fig. 2.2A). Morphometric determination of the percentage of membranes stained
in the final membrane fraction revealed 90% for the Wisconsin 54-1255 strain (Fig.
2.2C) and 82% for the P2 strain. The electron microscopic data demonstrate that the
final membrane fractions were devoid from other organelles, such as the nucleus or
microbody membranes, for which no suitable marker enzyme was available. This data
indicate that this isolation procedure allows a significant level of purification of plasma
membranes from both strains with high yield.
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Fig. 2.2 PTA stained thin sections. A: protoplast obtained from the Wisconsin 54-1255 strain
stained with PTA. The plasma membrane is heavily stained while none of the intracellular
membranes is stained, bar denotes 0.5 µm. B, C: plasma membranes isolated from the
Wisconsin 54-1255 strain, etched (panel B) and stained with PTA (panel C). Arrow indicates
non-stained vesicle; bar denotes 0.25 µm.
Table 2.2 Characteristics of P. chrysogenum plasma membranes. The glucose and protein
contents are relative to the amount of phospholipid.





P2 20 0.92 0.57 1.19
Wisconsin 54-1255 23 1.12 0.42 1.18
Properties of P.chrysogenum plasma membranes 
Some general properties of the P.chrysogenum plasma membranes are
summarized in Table 2.2. The density of plasma membranes was assessed by isopycnic
sucrose gradient centrifugation. The broad white plasma membrane band was found at
a density of 1.16-1.20 g/ml, and coincided with the protein peak and the plasma
membrane ATPase activity peak (data not shown). The plasma membrane from P.
chrysogenum shows in some aspects a remarkable resemblance with the Neurospora
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crassa plasma membrane. Like the data reported by Bowman et al. (1987), a high sterol
content and an intermediate carbohydrate content were evident (Table 2.2).
Fusion of membrane vesicles
For transport studies, plasma membranes were fused with cytochrome-c-
oxidase-containing vesicles by the freeze-thaw method. Freeze fracture images of
plasma membranes (Fig. 2.3B) from the Wisconsin strain revealed a strong difference
in particle density between the P-face (cytoplasmic, convex) and the E-face (data not
shown). After fusion with cytochrome-c oxidase vesicles, this difference was less
pronounced, and the particle distribution was intermediate between that of cytochrome-
c oxidase vesicles and plasma membranes (Fig. 2.3C). After fusion, no membranes with
the particle density and distribution of plasma membranes were observed indicating
that all plasma membranes had fused with cytochrome-c oxidase vesicles.
Fig. 2.3 Freeze fracture micrographs of a Cytochrome-oxidase vesicle (A), a plasma
membrane vesicle (B) and an hybrid membrane vesicle (C). Plasma membranes were
obtained from the Wisconsin 54-1255 strain, while hybrid membranes resulted from fusion of
plasma membranes from this strain with COV's. Bar denotes 0.1 µm; arrow indicates direction
of shadowing.
Orientation of membrane vesicles
Electron microscopy and Nycodenz gradient centrifugation indicated that most
of the isolated plasma membrane vesicles are closed and unilamellar with a diameter
of 300-800 nm. The sidedness of plasma membrane and hybrid membrane vesicles was
determined by inhibition of ATPase activity by trypsin. Since trypsin cannot penetrate,
the catalytic domain of the ATPase will not be digested when the cytoplasmic surface
is located on inner face of the membrane. Plasma membranes of the Wiscosin 54-1255
strain are almost completely right-side out (Table 2.3) as the ATPase was inactivated
only when Triton X-100 was present during trypsin digestion. This observation was
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confirmed by freeze-fracture studies (data not shown). Plasma membrane vesicles
obtained from the P2 strain were more heterogenous in orientation, and approximately
50% ATPase activity was accessible from the outside. After fusion of the Wisconsin
54-1255 plasma membranes with liposomes, and subsequent sizing through extrusion,
some 'scrambling' of the orientation of the ATPase took place (i.e. approximately 25%
of the activity was accessible). The diameter of the fused membranes was 190-240 nm
(data not shown).
Table 2.3 Sensitivity of the plasma membrane ATPase activity towards trypsin.ATPase
activity measured without additions was arbitrarily set at 100%. Triton X-100 was added to
a final concentration of 0.1% (w/v).
Additions
Relative ATPase activity (%)
   Wisconsin 54-1255   P2
Trypsin Triton plasma hybrid plasma hybrid
 X-100 membranes  membranes membranes membranes
! ! 97 ± 6.5 104 ± 7.9 92 ± 14 98 ± 5.1
+ 97 ± 2.0 76 ± 5.5 51 ± 3.3 54 ± 4.5!
+ + 5 ± 1.4 5 ± 4.6 6 ± 1.2 4 ± 1.6
Amino acid transport
Based on transport studies in mycelia (Fig. 2.4A and 2.4C), the amino acids
arginine and valine were used to analyze the transport activity of hybrid membrane
vesicles. The uptake of arginine was approxim tely five times higher in Wisconsin 54-
1255 mycelia as compared to the P2 strain. Valine accumulation was comparable for
both strains. Preincubation of mycelia with the protonophore CFOPhC(CN)3 2 2
completely abolished the uptake of these amino acids, suggesting that uptake of these
amino acids is )p dependent. When incubated with the electron donor system
ascorbate, Ph(NMe)  and cytochrome c, hybrid membranes generated a high )p, wit2 2
a transmembrane potential, )R, of -120 mV and a transmembrane pH gradient, Z)pH,
of 60 mV. Hybrid membranes prepared from both strains showed a high level of
arginine and valine uptake under these conditions (Fig. 2.4B and 2.4D). Only in the
case of Wisconsin 54-1255 membranes did arginine uptake reach a steady state level
within the recorded period. A substantially lower accumulation of arginine and valine
was observed when uptake experiments were performed in the presence of
CF OPhC(CN) or when experiments were performed in the absence of the electron3 2 2
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donors. Thes  results demonstrate that arginine and valine uptake is driven by the )p
or one of its components. The transport activity for both amino acids purified with
plasma membranes (data not shown). Both in whole cells and in hybrid membrane
vesicles, the addition of a 100-fold molar excess of unlabeled arginine did not affect
the uptake of valine and vice versa, suggesting that distinct transport systems are
involved in the uptake of these amino acids.
Fig. 2.4 Uptake of L-arginine and L-valine in mycelia and hybrid membranes. Uptake of
arginine (M,F) and valine (,Ï) in mycelia of the Wisconsin 54-1255 strain (A) or the P2
strain (C). Closed symbols represent uptake under energized conditions, open symbol
represent uptake after pre-incubation with CCCP. Uptake of arginine (M,F) or valine (,Ï)
in hybrid membranes from the Wisconsin 54-1255 strain (B) or the P2 strain (D). Closed
symbols represent uptake after the addition of ascorbate/TMPD/cytochrome c, open symbols
represent uptake without the addition of redox mediators or after the addition of CCCP.
DISCUSSION
Our primary objective with P. chrysogenum is to study specific transport
processe that are associated with penicillin production. Therefore, an isolation
procedure for pure plasma membranes was developed. Whole cells, instead of
protoplasts, were used as starting material for isolation of plasma membranes because
of the ease by which protoplast can be obtained from P. chrys genum differs markedly
from strain to strain and depends on growth conditions and age of the culture. After
fusion of the plasma membranes with cytochrome-c oxidase vesicles, a )p can be
generated that drives the uptake of different amino acids via transport systems that
reside in the plasma membrane. The isolation procedure is applicable to different
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strains, although different yields are obtained. Cytochemical staining with
phosphotungstic acid was used to determin  the absolute plasma membrane content of
the fractions with the highest plasma membrane content. This method permits a direct
assessment of the purity of an isolated fraction [237, 306].
The plasma membranes derived from the Wisconsin 54-1255 and P2 strains
differed significantly in orientation. The cause of this remarkable difference is obscure,
but one may speculate that the cytoskeleton is more firmly attached to the plasma
membrane of the Wisconsin 54-1255 strain as compared to the P2 strain. The purified
plasma membranes showed a density and sterol content commonly observed for fungal,
plant and mammalian plasma membranes [172]. Moreover, the primary H- ATPase of+
the membranes possesses the general characteristics of plasma-membrane-associated
P-type ATPases. The amino acid uptake studies with the hybrid membranes
demonstrated that the system is suitable for the study of active transport processes. The
transport activity for arginine and valine purified with plasma membranes, indicating
that this activity is not due to remaining minor contaminants. Since uptake is driven by
the )p (inside negative and alkaline), transport activity cannot be due to vacuolar
contaminants as these organelles contain proton/solute antiport systems [158].
In conclusion, this study describes the isolation of P. chrysogenum plasma
membranes that are primed for solute uptake after fusion of these membranes with
cytochrome-c oxidase vesicles. This system is currently being used to characterize the
uptake of penicillin precu sors and to elucidate the mechanism of antibiotic secretion.
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Chapter 3
Basic amino acid transport in plasma
membrane vesicles of
Penicillium chrysogenum
Dirk J. Hillenga, Hanneke J.M. Versantvoort, Arnold J.M. Driessen and Wil N.
Konings. 1996. J. Bacteriol. 178:3991-3995.
SUMMARY
The characteristics of the basic amino acid permease (system VI) of the
filamentous fungus Penicillium chrysogenum were studied in plasma membranes fused
with liposomes containing the beef heart mitochondrial cytochrome-c oxidase. In the
presence of reduced cytochrome c, the hybrid membranes accumulated the basic amino
acids arginine and lysine. Inhibition studies with analogs revealed a narrow substrate
specificity. Within the external pH-range of 5.5-7.5, the transmembrane electrical
potential ()R) functions as the main driving force for uphill transport of arginine,
although a low level of uptake was observed when only a transmembrane pH gradient
was present. It is concluded that the basic amino acid permease is a H-symporter.+
Quantitative analysis of the steady-state levels of arginine uptake in relation to the
proton motive force suggest a H-arginine symport stoichiometry of one-to-one. Efflux+




Amino acids are utilized by fungi as primary or secondary nitrogen sources or
as building blocks for the synthesis of proteins and peptides. Systems involved in the
translocation of amino acids across the plasma membrane have been studied in only a
few filamentous fungi [119, 132, 307]. From these, Neuro pora crassa, Aspergillus
nidulans, and to a lesser extent P icillium chrysogenum are genetically and
biochemically the most extensively characterized species. Two distinct classes of
plasma membrane located amino acid permeases are found in filamentous fungi:
systems that catalyze the uptake of structurally related amino acids with a broa
substrate specificity, like the general amino acid permeases of plant and animal cells
[51, 172, 198], and systems with a narrow substrate specificity like bacterial amino
acid transporters [229].
Fungi show a peculiar substrate specificity of their amino acid transport systems,
and multiple transport mechanisms seem to exist for s veral amino acids. In N. crassa,
five distinct transport systems have been identified, with specificity for aromatic and
aliphatic amino acids (system I), aromatic, aliphatic and basic amino acids (system II),
basic amino acids (system III), acidic amino acids (system IV), and L-methionine
(system V) [119, 132, 18, 307]. Studies with mycelium of P. chrysogenum indicate
that this fungus possesses at least six distinct amino a id tra sport systems [29, 119,
132, 135, 136, 304]. Most of these systems are specific for one amino acid and
analogues except for system III which is a general amino acid permease, and system
IV which transports acidic amino acids only [132, 135]. Amino acid transporters of
fungi are assumed to possess some typical properties: i) they seem to function
unidirectional; i.e., only uphill transport is observed while efflux or countertransport
of the accumulated amino acids is not detected [132, 216]; ii) their activity is regulated
by transinhibition, i.e. a high internal concentrations of an amino acid appears to lower
the activity of the transport system and thereby in ibits further uptake [132, 136, 218].
Transinhibition results in a decrease of the maximal transport rate (V ) withoutmax
affecting the affinity (K ) of the system. Transinhibition is thought to occur throughm
binding of the amino acid at a regulation site on the transport system that faces th
cytosol. Binding would result in inactivation or a reduction of the transport activity.
This phenomenon would allow a regulation of the intracellular amino acid pools and
prevent the cell from reaching deleterious cytosolic amino acid concentrations.
Amino acid transport systems from filamentous fungi have been studied mainly
in mycelial suspensions. Factors like growth phase, medium composition and stage of
development strongly influence the expression, regulation and properties of these
systems [29, 70, 132, 239, 304, 307]. In P. chrysogenum the transport systems for L-
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arginine and L-lysine (system VI), and L-cysteine (system IX) are expressed
constitutively. Transport systems specific for methionine (system I) and c ine (system
II) are expressed under sulphur starvation, while carbon or nitrogen starvation results
in the expression of the transport systems for neutral and basic amino acids (system III)
and acidic amino acids (system IV) [29, 132].
Factors like metabolism and compartmentalization interfere with the analysis
of the plasma membrane transport processes when performed with intact mycelium.
Internal amino acid pools are sequestered in at least two compartments, the cytosol
with a high turnover rate, and the vacuole with a low turnover rate [119]. To study
plasma membrane located transport systems in P. chrysogenum, we have developed a
model system devoid of metabolic activities by fusing membrane vesicles with
liposomes containing the mitochondrial beef heart cytochrome-c oxidase [82, 127]. We
have used this hybrid system to analyze the characteristics of the constitutive basi
amino acid transport system in vitro [135, 217]. Several properties of this transport
system which were difficult to access in mycelial suspension could be well
characterized in this hybrid system. Our data demonstrate that the basic amino acid
permease is reversible proton symporter with a narrow substrate specificity.
EXPERIMENTAL PROCEDURES
Organisms and culture conditions
P. chrysogenum strains Wisconsin 54-1255 and Panlabs P2 (kindly supplied by
Gist-brocades NV) were grown on production medium (pH 6.3) as described by Lara
et al. (1982) supplemented with 10 mM glutamate and 10 % (mass/vol.) glucose.
Cultures were incubated for approximately 70 h in a rotary shaker at 200 rpm and 25
C. The Wisconsin 54-1255 strain was previously cultured for 24 h on productiono
medium, with the omission of phenylacetic acid and lactose, containing 16%
(mass/vol.) glucose. The P2 strain was previously cultured on YPG medium [1 %
(mass/vol.) Yeast extract, 2 % (mass/vol.) Peptone and 2 % (mass/vol.) Glucose] for
72 h at pH 7.
Plasma membrane isolation and fusion
Bovine heart mitochondria were obtained according to the procedure described
by King (1967). Cytochrome-c oxidase was isolated from these mitochondria as
described by Yu et al. (1975), suspended in 50 mM sodium phosphate (pH 7.5)
containing 1.5 % (mass/vol.) cholic acid and stored in liquid nitrogen. Cytochrome-c
oxidase was reconstituted in liposomes, composed of 75 % (by mass) acetone/ether
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washed Escherichia coli lipids and 25 % (by mass) Egg Yolk L-phosphatidylcholine,
at a protein/lipid ratio of 0.16 nmol heme a/mg lipid [82]. P chrysogenum plasma
membranes were isolated according the procedure described by Hillenga et al. (1994).
Cytochrome-c-oxidase-containing liposomes (10 mg lipid) and plasma membranes (1
mg protein) were mixed, rapidly frozen in liquid nitrogen and thawed slowly at 21 °C
[83]. The freeze-thaw step was repeated once, and hybrid membranes were sized with
a small-volume extrusion apparatus (Avestin Inc., Ottawa, Canada) [184] using
polycarbonate filters (Avestin) with pore sizes of 400 nm and 200 nm. Fused
membranes had a protein/lipid ratio of approximately 0.08-0.09 (mass/mass) (relative
to phospholipid).
 
Electrical and pH gradients across the membrane
The transmembrane electrical potential ()R, interior negative) was calculated
from the distribution of the tetraphenylphosphonium ion (TPP), assuming+
concentration dependent binding to the membranes as described [178]. The external
concentration f TPP was determined with a TPP-selective electrode. Cytochrome-c+ +
oxidase vesicles (corresponding to 0.23 nmol cytochrome-c oxidase) were added to 50
mM potassium phosphate of the indicated pH, containing 5 mM MgSO and 2 µM4
TPP . A proton-motive force ()p) was generated by the addition of ascorbate (10 mM,+
adjusted to the desired pH), N,N,N',N'-tetramethyl-p-phenylenediamine (Ph(NMe) ;2 2
200 µM) and horse heart cytochrome c (20 µM). When indicated, the ionophores
nigericin and valinomycin were used at concentrations of 10 nM and 100 nM,
respectively. The pH gradient across the membrane ()pH, interior alkaline) was
determined from the fluorescence of pyranine (excitation, 450 nm; emission, 508 nm),
measured with a Perkin Elmer LS50B luminescence spectrophotometer. Pyranine (100
µM) was entrapped in proteoliposomes by freeze-thaw-extrusion [82]. External
pyranine was removed with a Seph dex G-25 column (coarse, 1/20 cm). Valinomycin
was added to a final concentration of 50 nM. A )p was generated by addition of the
electrondonor system as described for )R-measurements. When indicated, nigericin
was added to a final concentration of 1 µM.
Transport studies
Uptake of arginine and lysine was studied at 25 C nd pH 6.5, unless statedo
otherwise. Mycelium was suspended in 50 mM potassium phosphate at final densities
of 10 mg/ml (P2) or 6 mg/ml (Wisconsin-54-1255), and stored on ice until further use.
L-[U- C]-arginine (Amersham, 38 Ci/mol) or L-[U-C]-lysine (Amersham, 4314 14
Ci/mol), previously 10-fold diluted with non-labeled substrate, were added to the
mycelial suspension to 30 µM unless indicated otherwise. At given time intervals,
Basic Amino Acid Transport in Penicillium chrysogenum/55
samples of 0.5 ml were taken, added to 2 ml of ice cold 0.1 M LiCl, and filtered
immediately on paper filters (296 PE, type 0860; Schleicher & Schuell). Filters were
washed once with 2 ml ice cold 0.1 M LiCl, and the amount of radioactivity was
determined with a liquid scintillation counter (Packard Tri-Carb 460 CD; Packard
Instruments). Cells were de-energized by preincubation with the protonophore
carbonyl-cyanide-m-chlorophenylhydrazone (CFOPhC(CN), 10 µM) for 5 min at 253 2 2
C. For uptake studies with hybrid membranes, vesicles were suspended to a finalo
concentration of approximately 1.2 mg protein/ml in 50 mM potassium phosphate (pH
6.5, unless indicated otherwise) containing 5 mM MgSO. After 1-min incubation in4
the presence of the electron donor system ascorbate (30 mM), Ph(NMe)  (150 µM)2 2
and horse heart cytochrome c (7.5 µM), L-[U-C]-amino acids were added to 30 µM14
unless indicated otherwise. Samples of 20 µl were taken at given time intervals and
processed as described above. Samples were filtered on 0.45-µm pore-size diamete
cellulose-nitrate filters (Schleicher and Schuell). For efflux studies hybrid membrane
vesicles were washed twice with a 20-fold volume of 50 mM potassium phosphate, pH
6.5. Concentrated suspensions of 25-30 mg protein/ml in 50 mM potassium phosphate
(pH 6.5) containing 5 mM MgSO, CFOPhC(CN) (10 µM) and arginine at the4 3 2 2
indicated concentration, were supplemented with a tracer of L-[U-H]-arginine3
(Amersham, 4 Ci/mmol) and incubated for 3 h at 25 C. Samples of 8 µl were rapidlyo
diluted into 400 µl 50 mM potassium phosphate (pH 6.5) containing 5 mM MgSO and4
CF OPhC(CN) (10 µM), filtered on 0.45-µm pore-size diameter cellulose-nitrate3 2 2
filters (Schleicher and Schuell), washed once with 2 ml ice cold 0.1 M LiCl and
processed as described above. Kinetic data were analyzed with the GraFit program
(Erithacus Software Ltd.).
Other methods
Protein concentrations were determined in the presence of 0.5 % (wt/vol) SDS
using a modified Lowry assay [289]. Bovine serum albumin was used as a standard.
RESULTS
Kinetics of arginine and lysine transport
The constitutive basic amino acid permease was studied in plasma membranes
obtained from the P.chrysogenum strains Wisconsin 54-1255 and P2. Plasma
membranes were fused with cytochrome-c oxidase containing liposomes by a
freeze/thaw-extrusion technique. To establish whether membrane isolation or fusion
affected the basic amino acid permease, the kinetics of arginine and lysine uptake were
56/Chapter 3
determined both in hybrid membranes and mycelial suspensions. Compared to
mycelium, the specific activity of arginine and lysine uptake was clearly increased in
hybrid membranes, i.e., a V  of 0.63 and 4 nmol/in"mg of protein, respectively (Fig.max
3.1). Arginine was accumulated to an higher extent than lysine by the hybrid
membranes. An increase in apparent K value of arginine uptake was noted in them
hybrid membranes as compared to intact mycelium, i.e., 120 and 25 µM, respectively.
Similar results were obtained with mycelia and hybrid membranes of strain P2, yielding
V  values of 0.45 and 2.2 nmol/min"mg of protein, and K  values of 30 and 170 µM,max m
respectively (data not shown). These studies show that the basic amino acid transport
system is active in the hybrid membranes. The proton motive force generated by th
beef heart cytochrome-c oxidase functions as a driving force for the accumulation of
arginine and lysine.
Fig. 3.1 Kinetics of L-arginine and L-lysine uptake in mycelium and hybrid membranes.
(A) Uptake of L-arginine (F,) and L-lysine («,) in mycelium (open symbols) and hybrid
membranes (closed symbols) from the Wisconsin 54-1255 strain; (B) Kinetics of arginine
uptake in mycelium (F) and hybrid membranes () from the Wisconsin 54-1255 strain. The
error bars indicate the standard error of the mean of three independent experiments.
Specificity of the arginine/lysine permease
The specificity of the basic amino acid permease was analyzed by competition
experiments. Addition of a large excess of lysine completely inhibited arginine uptake
and vice versa in hybrid plasma membranes from the Wis 54-1255 strain. Based on the
observed initial velocity of arginine uptake at three L-[U-C] arginine concentrations14
(30, 100 and 300 µM) and various concentrations of unlabeled lysine (0-3 mM; Fig.
3.2), a K  of 190 µM was calculated for the inhibition of arginine transport by lysine.i
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Fig. 3.2 Competitive inhibition of L-
arginine uptake by L-lysine in hybrid
membranes. Inhibition of L-arginine
uptake by L-lysine was determined i
hybrid membranes of Wisconsin 54-125  at
L-[U- C]-arginine concentrations of 3014
(), 100 () and 300 () µM. The erro
bars indicate the standard error of the mean
of three independent experiments.
Table 3.1. Inhibition of L-arginine transport in hybrid Wisconsin 54-1255 membranes



















Inhibitors were added at a 33-fold higher concentration than [C]arginine that was used at aa 14
concentration used was 30 µM. Inhibition by arginine was set at 100 %.
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The observation that the K  for lysine is in the same range as the K valu  for argininei m 
uptake suggests that these amino acids are equivalent substrates for the basic amin
acid permease.
The specificity of the basic amino acid permease was further assessed from the
extent of inhibition of arginine uptake by addition of a 33-fold excess of analogs and
structurally non related mino acids (Table 3.1). The initial rate of )p driven arginine
uptake was strongly inhibited by lysine, canavanine, ornithine and homoarginine. Of the other
amino acids only 2,4-diaminobutyric acid and glutamine inhibited the uptake of arginine
slightly, while typical substrates for the general amino acid permease, like leucine and valine,
were without effect. The observed inhibition pattern indicates that the specificity of this
permease is mainly determined by the presence and structural configuration of the T-amine-
group. These observations are consistent with the narrow substrate specificity observed in
mycelial suspensions for system VI, the arginine/lysine permease [135, 217]. 
Fig. 3.3 Effect of ionophores on L-arginine uptake. Uptake of L-arginine in P2 hybrid
membranes under energized conditions (), and after previous incubation with
CF OPhC(CN) (F), nigericin(), panel A), valinomycin («, panel B) or nigericin +3 2 2
valinomycin (~, panel C). Congruent closed symbols depict the effect of ionophores added
after 5 min of arginine accumulation. 
Effect of ionophores on arginine uptake
The energetic mechanism of arginine uptake in hybrid membrane vesicles from
the P2 strain was studied in detail at pH 6.5 by addition of the ion phores nigericin and
valinomycin (Fig. 3.3). The ionophore nigericin collapses the )pH by mediating
electroneutral K -H  exchange. Upon a collapse of the )pH by nigericin a+ +
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compensatory increase of the )R occurs. Addition of nigericin enhanced the uptake of
arginine (Fig. 3.3A). The ionophore valinomycin mediates electrogenic diffusion of K,+
thereby collapsing the )R. Omitting the )R results in a slight increase of the )pH.
Previous incubation with valinomycin strongly, but not completely, reduced arginine
uptake (Fig. 3.3B). Addition of valinomycin after 5 min of arginine accumulation
resulted in a partial efflux of accumulated arginine. No uptake of arginine was observed
after collapsing the )p with nigericin and valinomycin. Addition of these ionophores
after 5 min of arginine accumulation caused a fa t and almost complete efflux of the
accumulated arginine (Fig. 3.3C). These results indicate that the )R is t  major
driving force for arginine uptake. The observation that arginine is still accumulated
when only a )pH is present suggests that the basic amino acid permease is a proton
symporter. Similar results were obtained in hybrid membranes of the Wisconsin 54-
1255 strain.
Fig. 3.4 Effect of the external pH on L-arginine uptake. L-Arginine uptake in hybrid
membranes of Wisconsin 54-1255 at pH 5.5 (A), 6.5 (B) and 7.5 (C). Uptake of arginine was
determined under energized conditions (), and after previous incubation with CFOPhC(CN)3 2 2
(F), valinomycin ()) and nigericin («).
pH dependency of the arginine/Hsymport stoichiometry+ 
The role of the external pH in arginine uptake was studied in hybrid membranes
from the Wisconsin 54-1255 strain (Fig. 3.4). Steady state uptake levels of arginin
were similar at pH 5.5 and 6.5, while at pH 7.5 the level of arginine accumulation
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Fig. 3.5. Relation between the external pH and the H/Arginine symport stoichiometry.+
(A) Effect of the external pH on the internal pH ()) and magnitude and composition of the
generated )p in hybrid membranes of Wisconsin 54-1255; )R (), -Z)pH () and the
calculated total )p ()). (B) Effect of the external pH on the steady state accumulation levels
of L-arginine () and the H/Arginine symport stoichiometry (). The error bars indicate the+
standard error of the mean of three independent experiments.
decreased about 2-fold. At all pH values studied, addition of nigericin enhanced
arginine uptake while valinomycin strongly reduced steady state levels of arginine
uptake.
To determine the H/arginine stoichiometry, the magnitude and composition of+
the generated )p was determined at different pH values (Fig. 3.5A). The )R and )pH
were determined in the absence of ionophores. )R was highest between pH 6.0-7.0,
with maximum values of about -100 mV. )pH was maximal at pH 5.5 and slowly
decreased at pH values above 6.0. The )p, calculated from the )R and )pH values,
showed an optimum at around pH 6.0 (about -150 mV). Within the pH-range studied,
the internal pH increased with the external pH (Fig. 3.5A), but remained within a range
of pH 6.0 to 7.2. Steady state levels of arginine accumulation were determined under
identical conditions as )R and )pH values (Fig. 3.5B). From the data depicted in Fig.
3.5A and the steady state levels of arginine accumulation the apparent H/arginine+
stoichiometry (n ) was calculated. The n varied between 0.7 and 0.9 within theapp app
examined pH range when it is assumed that arginine is accumulated as a positively
charged amino acid (Fig. 3.5B). This slight variance indicates that there is no strong
dependency of the n on the external or internal pH. Arginine uptake in hybridapp
membranes mainly relates to the magnitude and composition of the )p. These data
show that t he basic amino acid permease takes up amino acids in symport with one
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proton and effectively translocates two positive charges. This is consistent with the
observation that he )R is the main driving force in amino acid accumulation via the
basic amino acid permease.
Fig. 3.6 L-Arginine efflux in hybrid membranes. (A) Uptake of L-arginine in hybrid
membranes of Wisconsin 54-1255 under energizd conditions (M) or after previous incubation
with CFOPhC(CN) (F). U-[ C]-L-arginine efflux or exchange was induced after 5 min of3 2 2
14
arginine accumulation by the addition of CFOPhC(CN) (G) or a 100-fold excess (3 mM) of3 2 2
nonlabeled L-arginine ()). (B) Efflux of L-arginine in the presence of CFOPhC(CN).3 2 2
Arginine was used at an internal concentrations of 0.25 (), 0.5 (), 1 (), 5 () and 10 mM
() mixed with a fixed amount of the tracer [C-]arginine. The data is plotted as the amount14
of [ C-]arginine (in cpm) present in the vesicle lumen as a function of time after 50-fold14
dilution of the membranes. (C) Kinetics of L-arginine efflux: K  2-6 mM, V  1-4 nmolm max
arginine/mg of protein"min. The error bars indicate the standard error of the mean of two
independent experiments.
Arginine efflux and exchange
Counterflow experiments were conducted to assess whether the basic amino acid
permease mediates homologous exchange. Hybrid membranes were equilibrated with
0.5-10 mM L-arginine and diluted 50-fold into a buffer containing [C] rg ine (3314
µM). Under these conditions no significant uptake of arginine was detected (data not
shown). In another experiment, hybrid membrane vesicles were first allowed to
accumulate C-labeled arginine. Subsequent addition of the protonophore14
CF OPhC(CN) caused a fast and almost complete efflux of arginine (Fig. 3.6A),3 2 2
while the addition of an excess of unlabeled arginine resulted in a slow and only partial
release of the internal C-labeled arginine. Extensive studies showed that the efflux14
induced by the addition of CFOPhC(CN) was not enhanced when an excess of3 2 2 
unlabeled arginine was added simultaneously (data not shown).
Efflux of arginine occurred when the )por )pH was dissipated by ionophores
or protonophores (Fig. 3.1 and 3.6A). To further establish that the basic amino acid
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permease mediates efflux, this process was studied in more etail. In th se experiments
the protonophore CFOPhC(CN) was added to prevent the build up of a )p during3 2 2
efflux. Hybrid membranes were equilibrated with 0.05-10 mM arginine supplemented
with a fixed amount of tracer [H]arginine, and diluted 50-fold to initiate efflux. The3
rate by which the radiolabel is released decreased with increasing internal arginine
concentrations (Fig. 3.6B), and when converted to true initial rates, the efflux followed
Michaelis Menten kinetics (Fig. 3.6C). The K of the efflux process showed to be 2-6m
mM and the maximum rate of efflux was determined at 2-4 nmol/min.mg protein. Thus
the K  values of arginine efflux and )p-driven arginine uptake differ substantially.m
DISCUSSION
The filamentous fungus P. chrysogenum is used for the commercial production
of penicillins. To study transport processes that play a role in penicillin biosynthesis,
a procedure was developed for the isolation of plasma membranes from P.
chrysogenum [127]. Hybrid membrane vesicles were obtained by fusing plasma
membranes with cytochrome-c oxidase vesicles. These vesicles are endowed with a
low ion permeability and can easily be energized by the external addition of reduced
cytochrome c. This system was used to study in detail the kinetic and energetic
properties of the constitutive arginine/lysine permease, (system VI).
Based on several observations, it was concluded that the transport activity
described in this paper did not result from the general amino acid permease (system III,
GAP). First, P.chrysogenum was grown in the presence of excess lactose and
ammonium, the main carbon- and nitrogen sources, respectively. These compounds
were not exhausted at the time the cells were harvested, and based on the presence of
substantial mounts of intracellular glycogen and trehalose, c lls were not carbon-
deprived [ Hillenga et al., 1995 unpublished results]. These are conditions at which
GAP is not expressed [136, 217]. Second, both cells and hybrid membranes hardly
showed any uptake of leucine and methionine, both typical substrates for the GAP
[Hillenga et al., 1995 unpublished results]. Third, the narrow substrate specificity of
the system described in this paper (T ble 1) agrees with the specificity described for
the arginine/lysine permease (system VI) [135].
In analogy to Saccharomyces cerevisiae, a symport stoichiometry of one Hper+ 
amino acid was determined for the basic amino acid permease [119, 216]. Uptake was
stimulated nor inhibited by Na-ions (up to 50 mM) [Hillenga et al., 1995 unpublished+
results], excluding the possibility that Na is a co-transported ion. Within the pH-range+
studied, the n  varied only slightly indicating that the stoichiometry is not dramaticallyapp
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affected by the internal nor the external pH. In hybrid membranes the K  for argininem
and lysine uptake was significantly higher than in mycelium. This alteration might have
resulted from the applied isolation or fusion procedures. Plasma membranes form a
structural integrated part of the cell and isolation inevitably causes the disruption of this
organelle and the attached cytoskeleton. It is commonly assumed that these events do
not effect properties of transport systems unless important constituents (e.g. binding
proteins) or co-factors are lost during the isolation. S me earlier reports implied amino
acid-binding proteins in the uptake of amino acids by filamentous fungi [119].
However, no evidence to support these assumptions (e.g. cloned genes) has been
presented since, whereas these studies clearly demonstrate that insofar as such binding
proteins are involved, they cannot be s luble constituents. Several studies have shown
that alterations in membrane composition strongly affected transport systems. For
instance, changes in lipid headgroup, acyl chain carbon number and sterol
concentration had a pronounced effect on the velocity of L-leucine uptake i
Lactococcus lactis [140]. Howev r, in those studies no alteration of the Kwas noted.m 
Since the kinetic parameters in intact mycelium are less well defined than in a vesicle
system, the discrepancy may arise from the fact that mycelium, in particular that of the
P2 strain, is inhomogeneous, while the presence of an anionic cell wall, with a variable
thickness, may interfere with the bulk diffusion of cationic solutes like arginine.
Efflux studies of the basic amino acids in membrane vesicles clearly
demonstrated that this symport system functions in a reversible manner. An apparent
asymmetry is seen in the half-saturation parameters K  and not in the V  terms. Them max
K  value for arginine efflux is almost 50-fold higher than the K  for )p driven argininem m
uptake. This, however, does not imply that the permease is functionally asymmetric,
but rather suggests that the K  is influenced by the )p. The observed linear correlationm
between the parameters 1/V and 1/[S] for arginine efflux indicates that in th
concentration range studied “transinhibition” by arginine does not occur. Internal
concentrations up to 10 mM did not inhibit the efflux process, but at the e high internal
concentrations no counterflow was observed in mycelium. Since this “transinhibition”
phenomenon appears to be specific for intact mycelium, it could be related to
metabolism or compartmentalization in the cell, rather than a specific kinetic effect on
the permease. Alternatively, the “transinhibition” effect could arise from a regulatory
phenomenon which is not operational in isolated plasma membranes.
In conclusion, these studies demonstrated that hybrid membrane vesicles are a
powerful tool in investigating characteristics of transport systems from filamentous
fungi. Important advantages of hybrid membrane vesicles over mycelial suspension are:
i) transport systems can be investigated without the interference of
compartmentalization or metabolic activities; ii) the magnitude of driving forces can
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be accurately determined; iii) mechanical properties of transport systems can be
assessed more adequately; iv) the specificity of a system can be resolved with more
certainty.
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Sulfate transport in
 Penicillium chrysogenum 
plasma membranes
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SUMMARY
The energetic mechanism and specificity of sulfate transport has been studied
in Penicillium chrysogenum plasma membranes fused with liposomes containing the
beef heart mitochondrial cytochrome- oxidase. Upon energization, hybrid membranes
accumulate sulfate to a high extent via a transport system with a narrow substrate
specificity. Sulfate uptake is dependent on the transmembrane pH ()pH) gradient only.
Within the external pH-range of 5.5-7.5, a linear correlation was established between
the transmembrane electrochemical sulfate gradient and the -Z)pH. Dival nt cations
like Ca  and Mg are not required for sulfate transport. Studies with hybrid2+ 2+
membranes indicate that the increased sulfate transport rate in sulfate st rved mycelium
is due to an elevated expression of the sulfate transport system. It is concluded that
under the conditions investigated, P. chrysogenum accumulates sulfate via one distinct




Improvement of stains and cultivation procedures to obtain higher penicillin
yields has been one of the main objectives in industrial penicillin research. Current
industrial strains yield final penicillin titers several orders of magnitude higher than
those obtained with the parental P.chrysogenum strain NRRL 1951 [148]. For more
than 50 years, improved industrial strains have been obtained by repeated rounds of
random mutation and subsequent selective screening. This has resulted in an highly
increased flux through the penicillin pathway and has directed primary routes towards
penicillin biosynthesis. One of the primary routes through which the flux has increased
significantly is apparently the conversion of sulfate to cysteine. Sulfate is the primary
sulfur source in industrial penicillin fermentations and is the precursor of cysteine
which together with valine forms the backbone of the penicillin molecule [214]. A
strongly increas d demand for cysteine implies the need for an elevated net uptake of
sulfate in industrial strains.
Studies on the mechanism of sulfate uptake by P. chr sogenum, related
filamentous fungi and yeast have led to the conclusion that this process occurs through
active transport [39, 132, 146, 192, 193, 199]. The Penicilliumsulfate transport system
possesses an high affinity for sulfate (K  of approximately 30 µM) and like anm
analogous system in Aspergillus, requires a relatively high ionic stregth of the medium
[309]. The sulfate transport systems of Penicillium and Aspergillus pecies are highly
specific for sulfate and analogous divalent oxyanions like thiosulfate, selenate, and
molybdate [287]. In P. notatum, it has been suggested that sulfate is taken up in
symport with one proton and one calcium ion [67]. According to such a mechanism,
one positive charge is translocated and the driving forces for sulfate uptake would
consequently be,the transmembrane electrical potential ()R), he transmembrane pH
gradient ()pH) and the chemical gradient of calcium ions ()p ). Although sulfateCa2+
transport was shown to promote the uptake of Ca, a stoichiometric coupling could not2+
be demonstrated. It has been suggested that the sulfate transport system exchanges
SO /H /Ca  against Ca/2OH (or HPO  instead of 2OH) [67]. These studies have4 4
2- + 2+ 2+ - 2- -
been performed with metabolically active mycelium, therefore the involvement of other
plasma membrane-localized Ca-tr nsport systems cannot be excluded. In P. notatum,2+
sulfate appears to be sequestered in two distinct intracellular pools, i.e. one pool that
rapidly exchanges with external sulfate and a second poolthat slowly exchanges [138].
Uptake of sulfate in fungi is strictly regu ated and subjected to stringent genetic
and metabolic control mechanisms [146, 193]. In Neurospora crassa, cys-13 and cys-
14 are two unlinked genes encoding for the sulfate transport systems I and II,
respectively [146, 193]. The derived amino acid sequence from the nuclotide sequence
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of the cys-14 gene suggest that transport system II has a molecular mass of about 90
kDa constituting 12 putative transmembrane spanning segments [146]. The cys-13 and
cys-14 genes are subject to sulfur catabolic repression and controlled by the cys-3gene. 
Both systems are developmentally regulated, and transport system I is found
predominantly in conidiophores while transport system II is expressed mainly in
mycelia. Induction of the cys-14 gene is relatively slow, presumably due to the short
life-time of the mRNA [146, 193]. The half-life of both transport systems is about two
hours. The limited RNA stability and dynamic turnover of the transport systems allows
the cells to strictly regulate the accumulation of sulfate.
Studies on sulfate transport in filamentous fungi have sofar been performed in
mycelial suspensions only. The complex morphology and the presence of intracellular
compartments make it impossible to relate the uptake of sulfate in a quantitative
manner to the driving forces. We therefore reinvestigated the mechanism of sulfate
uptake in P.chrysogenum using a well defined model system, i.e. isolated plasma
membranes fused with cytochrome-c oxidase containing liposomes. It is concluded that
sulfate uptake in P. chrysogenum proceeds via a proton coupled mechanism with a
H /SO  symport stoichiometry of 2:1.+ 2-4
EXPERIMENTAL PROCEDURES
Organisms and culture conditions
P. chrysogenum strains Wisconsin 54-1255 and Panlabs P2 (kindly supplied by
Gist-brocades NV) were grown on production medium (pH 6.3) as described by Lara
et al.(1982) supplemented with 10 mM glutamate and 10 % (mass/vol.) glucose.
Cultures were incubated for approximately 70 h in a rotary shaker at 200 rpm and 25
C. The Wisconsin 54-1255 strain was previously cultured for 24 h on productiono
medium, with the omission of phenylacetic acid and lactose, containing 16%
(mass/vol.) glucose. The P2 strain was previously cultured on YPG medium [1 %
(mass/vol.) Yeast extract, 2 % (mass/vol.) Peptone and 2 % (mass/vol.) Glucose] for
72 h at pH 7.
Plasma membrane isolation and fusion
Bovine heart mitochondria were obtained according to the procedure described
by King (1967). Cytochrome-c oxidase was isolated from these mitochondria as
described by Yu et al. (1975), suspended in 50 mM sodium phosphate (pH 7.5)
containing 1.5 % (mass/vol.) cholic acid and stored in liquid nitrogen. Cytochrome-c
oxidase was reconstituted in liposomes, composed of 75 % (by mass) acetone/ether
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washed Escherichia coli lipids and 25 % (by mass) Egg Yolk L-phosphatidylcholine,
at a protein/lipid ratio of 0.16 nmol heme a/mg lipid [82]. P chrysogenum plasma
membranes were isolated according the procedure described by Hillenga et al. (1994).
Cytochrome-c-oxidase-containing liposomes (10 mg lipid) and plasma membranes (1
mg protein) were mixed, rapidly frozen in liquid nitrogen and thawed slowly at 21 °C
[83]. The freeze-thaw step was repeated once, and hybrid membranes were sized with
a small-volume extrusion apparatus (Avestin Inc., Ottawa, Canada) [184] using
polycarbonate filters (Avestin) with pore sizes of 400 nm and 200 nm. Fused
membranes had a protein/lipid ratio of approximately 0.08-0.09 (mass/mass) (relative
to phospholipid).
 
Electrical and pH gradients across the membrane
The transmembrane electrical potential ()R, interior negative) was calculated
from the distribution of the tetraphenylphosphonium ion (TPP), assuming+
concentration dependent binding to the membranes as described [178]. The external
concentration f TPP was determined with a TPP-selective electrode. Cytochrome-c+ +
oxidase vesicles (corresponding to 0.23 nmol cytochrome-c oxidase) were added to 50
mM potassium phosphate of the indicated pH, containing 5 mM MgSO and 2 µM4
TPP . A proton-motive force ()p) was generated by the addition of ascorbate (10 mM,+
adjusted to the desired pH), N,N,N',N'-tetramethyl-p-phenylenediamine (Ph(NMe) ;2 2
200 µM) and horse heart cytochrome c (20 µM). When indicated, the ionophores
nigericin and valinomycin were used at concentrations of 10 nM and 100 nM,
respectively. The pH gradient across the membrane ()pH, interior alkaline) was
determined from the fluorescence of pyranine (excitation, 450 nm; emission, 508 nm),
measured with a Perkin Elmer LS50B luminescence spectrophotometer. Pyranine (100
µM) was entrapped in proteoliposomes by freeze-thaw-extrusion [82]. External
pyranine was removed with a Seph dex G-25 column (coarse, 1/20 cm). Valinomycin
was added to a final concentration of 50 nM. A )p was generated by addition of the
electrondonor system as described for )R-measurements. When indicated, nigericin
was added to a final concentration of 1 µM.
Transport studies
Uptake of sulfate was studied at 25 C and pH 6.5, unless stated otherwise.o
Mycelium was suspended in 50 mM potassium phosphate at a final density of 6 mg/ml
(dry mass), and stored on ice until further use. [S]-sulfate (Amersham, 1 Ci/µmol)35
previously 50-fold diluted with non-labeled substrate, was added to the mycelial
suspension to a final concentration of 10 µM, unless indicated otherwise. At given time
intervals, samples of 0.5 ml were taken, added to 2 ml ic  cold 0.1 M LiCl, and filtered
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immediately on paper filters (296 PE, type 0860; Schleicher & Schuell). Filters were
washed once with 2 ml of ice cold 0.1 M LiCl, and the amount of radioactivity was
determined with a liquid scintillation counter (Packard Tri-Carb 460 CD; Packard
Instruments). Cells were de-energized by preincubation with the protonophore
carbamoyl-cyanide-m-chloro-phenylhydrazone (CFOPhC(CN), 10 µM) for 5 min at3 2 2
25 C. For uptake studies with hybrid membranes, the membranes were suspended too
a final concentration of approximately 1.2 mg protein/ml in 50 mM potassiu
phosphate (pH 6.5) containing 5 mM MgCl. After a 1-min incubation in the presence2
of the electron donor system ascorbate (30 mM), Ph(NMe)  (150 µM) and horse heart2 2
cytochrome c (7.5 µM), [S]-sulfate was added to a concentration of 10 µM, unless35
indicated otherwise. Samples of 20 µl were taken at given time intervals and processed
as described above. Samples were filtered on 0.45-µm pore-size diameter cellulose-
nitrate filters (Schleicher and Scheull). Kinetic data was analyzed with the GraFit
program (Erithacus Software Ltd.).
Other methods
Protein concentrations were determined in the presence of 0.5 % (wt/vol) SDS
using a modified Lowry assay [289]. Bovine serum albumin was used as a standard.
RESULTS
Driving forces in sulfate accumulation
Studies with intact mycelium of P. notatum indicated that sulfate is taken up in
symport with one proton and one calcium ion [67]. To determine if P. chrysogenum
utilizes the same co-substrates, sulfate uptake was studied in hybrid membrane vesicles
at pH 6.0. Initial experiments were aimed to resolve the role of the proton motive force
()p) in sulfate uptake (Fig. 4.1). Upon addition of the electron donor system ascorbate,
Ph(NMe)  and cytochrome c, the hybrid membranes rapidly accumulated sulfate.2 2
Under these conditions, a high )p was formed consisting of a )R of -105 mV and a
Z)pH of 45 mV (data not shown, and see ref. 130). Incubation of hybrid membranes
with the protonophore CF OPhC(CN)  or omission of the electron donor system (Fig.3 2 2
4.1A) prevented uptake of sulfate suggesting that this process is )p dependent.
Incubation with valinomycin or addition of this ionp ore after 5 min of sulfate uptake
did not effect the accumulation of sulfate (Fig. 4.1A and 4.1B). Since valinomycin
collapses the )R, it appears that sulfate uptake occurs via an electroneutral process.
The uptake of sulfate was completely abolished by preincubation of hybrid membranes
with nigericin, an ionophore that collapses the )pH by mediating electroneutral K-H+ +
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Fig. 4.1 Properties of )p driven sulfate uptake in hybrid membranes. Uptake of sulfate
(,F) by hybrid membranes (A) after preincubation with CFOPhC( N) (O), nigericin()3 2 2
or valinomycin (). (B) Effect of the addition of nigericin () a d valinomycin () after 5 min
of sulfate uptake. (C) Effect of CFOPhC(CN) (O) or a 30-fold excess of non-radioactive3 2 2
sulfate () after 5 min of sulfate uptake. Closed and open symbols represent uptake of sulfate
in the presence and absence of ascorbate/cytochrome /Ph(NMe) , respectively. 2 2
exchange (Fig. 4.1A). Addition of nigericin or CFOPhC(CN) after 5 min of sulfate3 2 2
uptake caused the release of all of the accumulated sulfate (Fig.4.1B and 4.1C). The
accumulated radiolabeled sulfate was even faster released when an excess of sulfat
was added to the external medium (Fig. 4.1C). These results indicate that the
P.chrysogenum sulfate transport system functions bidirectional and supports sulfate
uptake through an electroneutral )pH-dependent mechanism. 
To further define the role of the )pH in sulfate uptake, the pH dependency of the
process was examined at external pH values ranging from pH 5.5 -7.5. The highest rates of
sulfate uptake occurred at pH 5.5 and declined with increasing external pH (Fig. 4.2A). Both
the steady state sulfate uptake levels and the magnitude of the )pH declined with increasing
external pH. The transmembrane electrochemical sulfate gradient increased linearly with the
Z)pH, irrespective the external pH (Fig. 4.2B). The observed slope indicates an apparent
symport stoichiometry 1.5 protons per sulfate ion. These data combined with the electroneutral
nature of the process suggests a H/SO  symport stoichiometry of 2:1.+ 2-4
Effect of divalent cations on sulfate uptake
To determine if sulfate up ake requires the presence of Caor another divalent2+ 
cation, the effect of Caand Mg on sulfate uptake was examined at pH 6.0. For this2+ 2+ 
purpose, buffers free of divalent cations were used. The presence of CaCl or MgCl2 2
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Fig. 4.2 Relation between sulfate accumulation and the )pH. (A) Net sulfate uptake
(energized minus non-energized) by hybrid membranes at pH 5.5 (), pH 6 (O), pH 6.5 (),
pH 7 () and pH 7.5 (). (B) Correlation between the steady state transmembrane
electrochemical sulfate gradient and the Z)pH generated at a specific external pH. The slope
of this plot suggests an apparent H/SO  stochiometry of 1.5:1, the dashed line indicates a+ 2-4
symport stoichiometry of 2:1.
Fig. 4.3 Effect of divalent cations on sulfate
uptake. Uptake of sulfate (,F) by hybrid
membranes in the absence of divalent cations.
Effect of the addition of 5 mM CaCl(), 5 mM2 
MgCl () or 10 mM NaCl (O) on sulfate uptake.2
Closed and open symbols represent uptake of
sulfate in the presence and absence of
ascorbate/cytochrome-c/Ph(NMe) , respectively.2 2
(0-10 mM) hardly affected the uptake of sulfate, only a slight stimulation occurred at
a concentration of 5 mM (Fig. 4.3). Moreover, comparable results were obtained by
addition of NaCl, and the presence of the chelating agent EDTA (20 mM) had no
significant effect on sulfate uptake (data not shown). Similarly, neither the )R nor the
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)pH levels were affected by the presence of these divalent cations or EDTA.
Experiments to demonstrate sulfate uptake upon the imposition of an inwardly-directed
calcium gradient were uniformly negative. It is concluded that divalent cations do not
participate in the uptake of sulfate in P.chrysogenum and that protons are the only co-
substrates in this process.
Specificity of the sulfate uptake system
The specificity of the sulfate uptake system was estimated from the extent of
inhibition of sulfate uptake at pH 6.0 by a 30-fold excess of several inorganic sulfur
and selenium compounds. The initial rate of sulfate uptake was almost completely
inhibited by thiosulfate and dithiona e. As shown in Table 4.1, the extent to which the
inorganic sulfur compounds tested inhibited the uptake of sulfate decreased in the
following order: SO > SO  > SO > SO  > SO . The analysis of the inhibitory2 3 2 4 2 5 4 6 3
2- 2- 2- 2- 2-
effect of sulfide on sulfate transport was complexed by the partial inhibition of
cytochrome-c oxidase by sulfide. When this inhibitory effect was taken into account,
no significant direct inhibition of sulfate transport by sulfide was detected. Selenate
showed to be only a moderate inhibitor while selenite hardly affected sulfate uptake.
These results demonstrate that the sulfate transport system of P. chrysogenum
possesses a narrow substrate specificity.
Table 4.1 Inhibition of sulfate uptake in hybrid membrane vesicles by different sulfur
compounds.
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Induction of sulfate uptake
As observed by Yamamoto and Segel (1966) an elevated uptake of sulfate is observed
when cells are deprived from sulfate by incubating mycelium for several hours in a sulfur
deficient medium (Fig. 4.4A). The elevated sulfate uptake rate could be the result from
adaptations like an increased metabolic conversion of sulfate, alterations of intracellular control
mechanisms at the enzyme level or a higher expression of the sulfate transport system. To
discriminate between these possibilities, the sulfate transport activity was determined of hybrid
membranes derived from mycelium cultured under sulfur sufficient cond tions and mycelium
that was subsequently starved for sulfate. As compared to sulfate uptake in sulfur sufficient
hybrid membranes, higher initial rates and levels of sulfate uptake were detected in sulfur
starved hybrid membranes (Fig. 4.4B). The K of sulfate uptake of both cells types was similar,m
i.e., about 10 µM. The V  of sulfate uptake in sulfur sufficient hybrid membranes was aboutmax
0.025 nmol/min.mg protein, and increased to 0.1 nmol/min.mg protein upon sulfate starvation.
The unchanged K , but 4-fold increased V , suggests that sulfur starvation results in anm max
elevated expression of the sulfate transport system.
Fig. 4.4. Induction of sulfate uptake by sulfur starvation. (A) Uptake of sulfate by
mycelium grown under sulfur fficient conditions() and after sulfur starvation (O). (B) Net
uptake (energized minus non-energized) of sulfate by hybrid  membranes obtained from sulfur
sufficient() and sulfur starved mycelium (O). (C) Kinetics of sulfate uptake by hybrid
membranes obtained from sulfur sufficient (; K  12 µM, V  0.025 nmol/min.mg protein) andm max
sulfur starved mycelium (O; K  10 µM, V  0.1 nmol/min.mg protein).m max
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DISCUSSION
One of the transport processes that plays an important role in the production of
penicillins is the uptake of sulfate [148, 214]. Sulfate is the primary sulfur source in
industrial penicillin fermentations and thus the origin of the sulfur atom contained
within the penicillin molecule. Sulfate uptake was previously extensively studied in
mycelial suspensions of Penicillium species [67, 138, 248, 287, 309],but due to the lack
of a suitable membrane isolation procedure, it has not been possible to establish th
precise energetics of this system. Previously, we have reported on development of a
procedure that allows the isolation of functional plasma membranes from P.
chrysogenum [127]. These plasma membranes have been fused with cytochrome-c
oxidase vesicles in order to equip them with a proton motive force generating system
that can be asily activated. Recent studies on the mechanism of arginine uptake in
plasma membranes of P. chrysogenum have demonstrated the potential of this hybrid
membrane system [130]. Using this hybrid system, we now show that sulfate uptake
is an electroneutral process most likely involving co-transport of the sulfate anion with
two protons.
Sulfate uptake in hybrid membranes depends only on the )pH. The in vitro
studies failed to demonstrate a requirement for calcium and other divalent cations. This
leads us to propose that sulfate uptake in P. chrysogenum occurs in symport with
protons. Since sulfate uptake is an electroneutral process, the H/SO  symport+ 2-4
stoichiometry must equal 2:1. The experimentally determined value is lower, but this
may well be due to the heterogeneity of the hybrid membranes which could contain a
subpopulation without sulfate transport systems. These membrane vesicles, however,
will contribute to the measured )p, and thus will be responsible for an underestimation
of the true stoichiometry. Sulfate uptake with a H/sulfate stoichiometry of two may+
be considered as an energetically expensive process. The Htranslocating P-type+ 
ATPase present in the plasma membranes of P. chrysogenum is thought to function
with a H/ATP stoichiometry of one. The uptake of a sulfate anion would therefore,+
require the hydrolysis of two ATP molecules. In P. notatum sulfate uptake was studied
in an ATP sulfurylase deficient strain to circumvent effects of metabolism on sulfate
accumulation [67]. These studies suggested that bo h protons and calcium are involved
in the uptake of sulfate in this organism. Hill plots analysis of the calcium dependency
of sulfate uptake suggested that calcium acts as a co-substrate [67]. This study,
however, shows that in membrane vesicles from P. chrysogenum such Ca/sulfate co-2+
transport does not occur. The possibility exists that the sulfate uptake system studied
in P. notatum ycelium functions by a different mechanism, but it is also possible that
the results of a combined action of Ca and sulfate transport systems have been2+
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observed in P. notatum ycellium.
The P. chrysogenum sulfate transport system studied, possesses a narrow
substrate specificity. Our results confirmed previous studies on fungal sulfate transport
[287], and demonstrate that the system accepts, beside sulfate, thiosulfate, dithionate
and selenate as substrates. Based on its toxicity selenate has been used in several fungi
to obtain sulfate transport negative strains, consistent with its ability to compete with
sulfate for transport. The kinetic analysis suggests that P. chrysogenum expresses the
same transport system under both sulfur sufficient and deprived conditions. This
transport system has a high affinity for sulfate. The sulfate concentration in the growth
medium used in this study is such that the transport system is saturated, and thus
functions at its maximal velocity. Upon sulfate deprivation, the V  is i creased severalmax
fold. This most likely is the result of increased expression of the sulfate transport
system to allow the cells to scavenge traces of sulfate from the medium. In addition,
other regulatory mechanisms may be operationally, such as enzymatic regulation of the
transport system.
In summary, these in vitro experiments demonstrate th t under the conditions
examined, sulfate uptake in P. chrysogenum is mediated by a specific transport system
that catalyzes the symport of the sulfate anion with two protons. This process is
essential for the biosynthesis of cysteine, one of the precursors of the tripeptide L-"-
aminoadipyl-L-cysteinyl-L-valine (LLD-ACV) necessary for penicillin production.
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Chapter 5
Penicillium chrysogenum takes up the
penicillin G precursor 
phenylacetic acid by passive diffusion
Dirk J. Hillenga, Hanneke J.M. Versantvoort, Siep van der Molen, Arnold J.M.
Driessen and Wil N. Konings. 1995. Appl. Environm. Microbiol. 61:2589-2595.
SUMMARY
Penicillium chrysogenum is used in the industrial production of penicillin G.
During the production stage, the side-chain precursor phenylacetic acid is fed in small
amounts to the medium. P. chrysogenum takes up phenylacetic acid and couples it
intracellularly to 6-aminopenicillanic acid rendering penicillin G. The process by which
phenylacetic acid passes the plasma membrane was studied in mycelia and liposomes.
Uptake of phenylacetic ac d in mycelium was non-saturable and the initial velocity of
uptake increased logarithmically with decreasing external pH. Studies with liposomes
demonstrated a fast passive flux of the protonated species. This indicates that
phenylacetic acid passes membranes via passive diffusion of the protonated species.
At an external concentration of 3 mM, the rate of phenylacetic acid uptake is at least
250-fold higher than the penicillin production rate in the Panlabs P2 strain. In this
strain, uptake of phenylacetic acid is not a rate limiting step in penicillin G production.
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INTRODUCTION
P. chrysogenum is a filamentous fungus, used for commercial production of
penicillins. It is capable of synthesizing penicillins with specific hydrophobic side-
chains when the appropriate precursor is fed to the production medium [14, 65, 73,
125]. Phenylacetic acid (PA) appears to be the best precursor, but the phenyl group can
be substituted by other ring systems [14]. Since benzoic acid derivatives can not be
utilized, and only mono-substituted acetic acids are incorporated, an "-me hylene
group seems to be essential. The effectiveness of the side-chain precursor appears to
depend on its toxicity and its resistance to oxidation by P. chrysogenum. In commercial
processes, only PA, phenoxyacetic acid (POA), and allylmercapto-acetic acid hav
been used to produce penicillin G, penicillin V and penicillin O, respectively [65]. In
the absence of an exogenous side chain precursor, P. chrysogenum produces mainly
6-aminopenicillanic acid and some isopenicillin N [63, 186]. Under these conditions,
mono-substituted acetic acids present at low intracellular concentrations, are used to
form small amounts of penicillins like benzylpenicillin, 2-pentenylpenicillin, n-
amylpenicillin, n-heptylpenicillin and p-hydroxybenzylpenicillin [186].
Incorporation of the side-chain precursor, carried out by the acyl CoA:
isopenicllin N acyltransferase (AT), is the last step in the penicillin biosynthetic
pathway [186, 214]. AT converts isopenicillin N into penicillin G by exchange of the
"-aminoadipyl moiety for PA. Prior to this transacylation, PA has to be activated to
phenylacyl-CoA. Recent studies suggest that this activation takes place by a general
acetyl-CoA synthetase (ACS) which is involved in the primary metabolism of P.
chrysogenum [191]. Electron microscopic studies with specific antibodies
demonstrated that AT is present solely in specific microbodies [204, 205, 206].
Furthermore, AT contains a typical peroxisomal targeting sequence (alanine-arginine-
leucine) at the C-terminus. AT lacking this targeting signal was found to be localized
in the cytosol or small vacuoles, and transformants containing this muta t AT could not
produce penicillin [Müller et al., 1992]. The acetyl-CoA synthetase seems to be an
intracellular enzyme, yet its exact location is unknown. An intracellular localization of
the acetyl-CoA synthetase and AT implies that PA is taken up by P. chrysogenum to
synthesize penicillin G.
Uptake of PA by P.chrysogenum can either take place through simple diffusion
or via a specific transport system. PA is a weak acid and the undissociated species
might rapidly diffuse across lipid bilayers [125, 300]. Fernández-Cañón and coworkers
[100, 101, 189, 276] presented evidence for the pr sence of a specific transport system
for the uptake of PA by P. chrysogenum, and no passive influx of PA was detected at
a moderate range of PA values, i.e. pH 5 to 8. To establish the presence of the PA
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transport system and to characterize it in detail, the uptake of PA in mycelial
suspensions was studied extensively. Mycelial suspension , li osomes and cytochrome
c-oxidase containing liposomes were used to examine the passive influx of PA. The
data obtained from these studies suggest that the main PA flux across the plasma
membrane results from passive diffusion rather than a specific transport process. At pH
6.5 and an extracellular PA concentration of 3 mM, the rate of PA influx was found to
be at least 250 times faster than the overall rate of penicillin production by P.
chrysogenum P2. From these observations, it was concluded that the influx of PA s not
a rate-limiting factor in the production of penicillin.
EXPERIMENTAL PROCEDURES
Organisms and culture conditions
P. chrysogenum strains Wisconsin 54-1255 and Panlabs P2 (kindly supplied by
Gist-brocades NV) were grown on production medium (pH 6.3) as described by Lara
et al.(1982) supplemented with 10 mM glutamate and 10 % (mass/vol.) glucose.
Cultures were incubated for approximately 70 h in a rotary shaker at 200 rpm and 25
C. The Wisconsin 54-1255 strain was previously cultured for 24 h on productiono
medium, with the omission of phenylacetic acid and lactose, containing 16%
(mass/vol.) glucose. The P2 strain was previously cultured on YPG medium [1 %
(mass/vol.) Yeast extract, 2 % (mass/vol.) Peptone and 2 % (mass/vol.) Glucose] for
72 h at pH 7.
Isolation and reconstitution of Cytochrome-c oxidase
Bovine heart mitochondria were obtained according to the procedure described
by King (1967). Cytochrome-c oxidase was isolated from these mitochondria as
described by Yu et al. (1975), suspended in 50 mM sodium phosphate (pH 7.5)
containing 1.5 % (mass/vol.) cholic acid and stored in liquid nitrogen. Cytochrome-c
oxidase was reconstituted in liposomes, composed of 75 % (by mass) acetone/ether
washed Escherichia coli lipids and 25 % (by mass) Egg Yolk L-phosphatidylcholine,
at a protein/lipid ratio of 0.16 nmol heme a/mg lipid [82].
Electrical and pH gradients across the membrane
The transmembrane electrical potential ()R, interior negative) was calculated
from the distribution of the tetraphenylphosphonium ion (TPP), assuming+
concentration dependent binding to the membranes as described [178]. The external
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concentration f TPP was determined with a TPP-selective electrode. Cytochrome-c+ +
oxidase vesicles (corresponding to 0.23 nmol cytochrome-c oxidase) were added to 50
mM potassium phosphate of the indicated pH, containing 5 mM MgSO and 2 µM4
TPP . A proton-motive force ()p) was generated by the addition of ascorbate (10 mM,+
adjusted to the desired pH), N,N,N',N'-tetramethyl-p-phenylenediamine (Ph(NMe) ;2 2
200 µM) and horse heart cytochrome c (20 µM). When indicated, the ionophores
nigericin and valinomycin were used at concentrations of 10 nM and 100 nM,
respectively. The pH gradient across the membrane ()pH, interior alkaline) was
determined from the fluorescence of pyranine (excitation, 450 nm; emission, 508 nm),
measured with a Perkin Elmer LS50B luminescence spectrophotometer. Pyranine (100
µM) was entrapped in proteoliposomes by freeze-thaw-extrusion [82]. External
pyranine was removed with a Seph dex G-25 column (coarse, 1/20 cm). Valinomycin
was added to a final concentration of 50 nM. A )p was generated by addition of the
electrondonor system as described for )R-measurements. When indicated, nigericin
was added to a final concentration of 1 µM.
Stopped-flow measurements
Rates of influx of protonated acid were determined from the decrease in
pyranine fluorescence using a Milliflow stopped-flow reactor and an Aminco SLM
4800C time-resolved fluorescence spectrophotometer. Pyranine (100µM) was
entrapped in liposomes composed of 75 % (by mass) aceton/ether washed E. coli lipids
and 25 % (by mass) Egg Yolk L-phosphatidylcholine that were prepared by extrusion
through polycarbonate filters (Avestin) with pore sizes of 400 and 200 nm using a
small-volume extrusion apparatus (Avestin Inc., Ottawa, Canada) [184]. Liposomes
were diluted to a final concentration of 2 mg lipid per ml., valinomycin was added to
the liposomal suspension to a final concentration of 50 nM. Stopped flow
measurements were performed at 20 C in 5 mM MOPS/KOH (pH 7) containing 1 mMo
MgSO. 4
Oxygen consumption
Oxygen consumption by proteoliposomes was measured with a Clark-type
oxygen electrode (YSI, Yellow Springs Ohio) in a 1 ml vessel at 25 C under the sameo
conditions as described for )R-measurements. Endogenous oxygen consumption was
determined after addition of KCN (1 mM).
Penicillin G and V concentrations
Penicillin G concentrations were determined by reversed phase high-
performance liquid chromatography (HPLC) as described by Terada and Sakabe (1985)
Uptake of the Penicillin G Precursor Phenylacetic Acid/81
using penicillin V as an internal standard. Penicillins were separated with a stainless
steel Nucleosil C18 column (5 µM; 250 x 4.6 mm; Alltech Associates Inc.). As a
mobile phase, methanol-water-0.2 M potassium phosphate (pH 5.0) (5:13:1) containing
10 mM sodium alkylsulfonate was used. The flow rate was set at 1 ml/min and a the
column temperature was maintained at 25 C. For detection of penicillins by UV (210o
nm), a Waters 481 LC spectrophotometer (Millipore) was used. Data were processed
by the JCL6000 chromatography system (Jones Chromatography).
Rate of penicillin production
Penicillin production rates of the Panlabs P2 strain were measured by a fast
filtration assay combined with determination of penicillin G by HPLC. Mycelium was
harvested, washed once with 0.9 % (w/v) NaCl, and resuspended to a density of 15-20
mg dw/ml in production medium adjusted to the desired pH with KOH. This medium
contained no glucose or PA while potassium phosphate was replaced by 50 mM
Mes/Pipes/Hepes. Measurements were performed at 25 C in 250 ml erlenmeyer flaskso
containi g 25 ml of cell suspension under continuous stirring (300 rpm). Penicillin
production was started by the addition of the desired amount of PA. At different time
intervals, samples of 1 ml were withdrawn and filtrated (paper filters, 296 PE, type
0860; Schleicher & Schuell) to remove whole cells and debris. The filtrates were
collected and stored at -20 C prior to HPLC analysis. Under the applied conditions theo
penicillin production rate was constant for at least one hour.
Transport assays
Uptake of phenylacetic acid and valine w s studied at 25 C and pH 6.5, unlesso
stated otherwise. Mycelia, harvested by suction filtration were suspended in 50 mM
potassium phosphate at final densities of 10 mg/ml (P2) or 6 mg/ml (Wisconsin-54-
1255) (dry masses), and stored on ice until further use. Initial rates of uptake were
determined in triplicate, 5, 10 and 20 s after addition of the radiolabeled PA or valine
to the mycelial suspension. To lower aspecific binding and reduce the effect of
metabolism high concentrations of PA (>60 µM) with a relatively low specific activity
were used. Aspecific binding was measured using mycelia permeabilized by treatment
with 2 % (vol./vol.) toluene for 2 h at 25 C. L-[U- C]-phenylacetic acid (Sigma, 3.4o 14
Ci/mol), or L-[U- C]-valine (Amersham, 28 Ci/mol), were added to mycelial14
suspensions to a final concentration of 63 and 30 µM, respectively. Samples of 0.5 ml,
were taken at given time intervals, added to 2 ml ice cold 0.1 M LiCl, and filtered
immediately (paper filters, grade 520b; Schleicher & Schüll). Filters were washed once
with 2 ml ice cold 0.1 M LiCl, and the radioactivity was determined with a liquid
scintillation counter (Packard Tri-Carb 460 CD; Packard Instruments Corp.). Non-
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energized uptake was measured using mycelial suspension pre-incubated with the
protonophore carbamoyl-cyanide-m-chloro-phenylhydrazone (10 µM) for 5 min at 25
C. Kinetic data were analyzed with the GraFit program (Erithacus Software Ltd.). o
Intracellular pools by HPLC
Cell pellets obtained as described for transport assays were immediately frozen
in liquid N. 250 µl ice-cold chloroform/methanol (1:2; v/v) was added and the pellets2
were stored overnight at -20 C. By this procedure more than 95 % of the labeledo
material was extracted. After centrifugation in an Eppendorf type centrifuge,
supernat nts were fractionated by HPLC as described above. Intracellular pools of
radiolabeled PA, penicillins and derivatives were determined with a liquid scintillation
counter (Packard Tri-Carb 460 CD; Packard Instruments Corp.).
Other methods
Protein concentrations were determined in the presence of 0.5 % (wt/vol) SDS
using a modified Lowry assay [289]. Bovine serum albumin was used as a standard.
RESULTS
Uptake of phenylacetic acid in P.chrysogenum
When a specific enzyme is involved in the transport of phenylacetic acid (PA),
uptake of this solute should show saturation kinetics. Therefore, the initial rates of PA
uptake in the P.chrysogenum strains P2 and Wisconsin were determined at different
external concentrations (Fig. 5.1A). Although the Wisconsin and P2 strains
significantly differ in morphology and penicillin production capacity, the uptake of PA
showed similar kinetics (Fig. 5.1). The initial rate of PA uptake increased linearly up
to an external PA concentration of 30 mM, indicating that uptake occurs via a non-
saturable process or a process with an extremely low substrate affinity.
Since the extent of deprotonation of PA (pK 4.3) depends on the pH, the effecta 
of the external pH on the initial rate of PA uptake was examined. At an external P
concentration of 63 µM, the initial rate of PA uptake increased logarithmically with
decreasing external pH (Fig. 5.1B). The increase was about 10-fold per pH unit and no
pH optimum was found within the pH range studied. This increase is proportional to
the increase in concentration of protonated PA, which suggest that PA is taken up via
passive diffusion of the protonated species.
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Fig. 5.1 Uptake of phenylacetic acid by P.chrysogenum Wisconsin 54-1255 () and P2
(). Panel A: the initial rate of PA uptake as a function of the external PA concentration. Panel
B: Effect of the external pH on the initial rate of PA uptake. Panel C: PA accumulation as a
function of the external pH. Unless indicated otherwise, PA was added to an external
concentration of 63 µM. Steady state levels of accumulation were determined 10 min after
addition of radiolabeled PA to the mycelial suspensions. 
Under normal physiological conditions the cytosolic pH is higher than the
extracellular pH [245], consequently PA dissociates intracellularly to a higher extent
and will accumulate in the cell. If metabolic conversion is slow compared to the rate
of influx, the pH difference between cytosol and medium will be the main factor
determining PA accumulation. Steady state levels of PA accumulation were reached
within 10 min after addition of radiolabeled PA to mycelial suspensions (Fig. 5.2B).
The steady state level of PA accumulation showed to be highest at pH 5.5, and
decreased severely above an external pH of 7 (Fig. 5.1C). These results point to a
major role of the )pH in PA accumulation. A straightforward interpretation of
observed relationship is not feasible since both the )pH [245] and the concentration
of the protonated species decrease with increasing external pH.
Since metabolism of PA might interfere with uptake, the composition of
intracellular pools of radioactively labeled compounds was analyzed after extraction
and fractionation by HPLC. After a 10-min incubation with 63 µM PA, PA made up
at least 90% of the internalized label (Fig. 5.2A). Pre-incubation of mycelium with the
protonophore CF OPh(CN) to collapse the proton-motive force ()p) r sulted in a3 2 2
four-fold lower accumulation PA. Thus under the conditions applied, the metabolic
conversion of PA is much slower than the rate of PA uptake. The intracellular pool of
PA could not be chased by a 50-fold excess of unlabeled PA (Fig. 5.2B), whereas
addition of CFOPh(CN) resulted in a rapid efflux. Addition of a 50-fold excess of3 2 2
PA analogues like phenoxyacetic acid (POA), 2-OH-phenylacetic acid,
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Fig. 5.2 Phenylacetic acid uptake and efflux. A. Radioactivity in HPLC fractions from
extracts of mycelial pellets. Pellets were obtained from mycelia incubated 10 min with 63 µM
PA in the presence (F) or absence () of CFOPh(CN) . Retention times of PA and penicillin3 2 2
G are indicated. Approximately 90 % of the radioactivity taken up was found in the PA peak.
Radiolabel d penicillin was not detected in the extracts. B. Effect of the addition of the
protonophore CF OPh(CN)  or non-radiolabeled PA on accumulation of radiolabeled PA.3 2 2
Non-radiolabeled PA was added at an 50-fold higher concentration than radiolabeled PA at t=0
() or t=5 min (). CFOPh(CN)  (1µM) was added at t=-5 min (F) or t=10 min (ª). The3 2 2
[ C]PA concentration used was 63 µM. 14
3-OH-phenylacetic acid and phenylalanine did not affect the initial rate of PA uptake
(data not shown). These results support the view that PA is taken up through a non-
specific diffusion process and accumulation of PA is determined mainly by the )pH
across the plasma membrane.
Effect of PA on the )pH
To establish that PA can dissipate a )pH by passive diffusion, beef heart
cytochrome-c oxidase vesicles were used (Fig. 5.3). The ionophore valinomycin was
added to ensure that only a )pH was present. The internal pH was measured with the
pH-sensitive fluorophore pyranine. Upon addition of the electron donor system
ascorbate-Ph(NMe) -cytochrome c, a )pH is generated rapidly in these cytochome-c2 2
oxidase vesicles. Subsequent addition of PA to the Cytochrome-c oxidase v sicles at
pH 7 resulted in a fast initial decrease of pyranine fluorescence, followed by a partial
restoration of the fluorescence level (Fig. 5.4A). This implies that influx of protonated
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Fig. 5.3 Model system used to study
dissipation of )pH by PA and acetic
acid. Liposomes made of Escherichia coli
phospholipids and phosphatidylcholine from
egg yolk (3:1 w/w) were reconstituted with
beef heart cytochrome-c oxidase. Pyranine,
a fluorescent pH indicator was enclosed in
the liposomes by freeze-thaw-sonication.
The )pH uncoupling PA flow is indicated.
Valinomycin (val) was added to prevent the
formation of a )Q.          
PA is a fast process which results in acidification of the interior of the cytochrome-c
oxidase vesicles. Equilibration of the protonated species across the membrane occurs
rapidly and the initial acidification is counteracted by the activity of cytochrome-c
oxidase resulting in a new equilibrium at a lower internal pH. The decrease of the
internal pH after addition of PA or acetic acid did not result from inhibition of the
cytochrome-c oxidase activity. Up to 50 mM PA or acetic acid did not effect the rate
of oxygen consumption by cytochrome- oxidase (data not shown). The decrease of the
steady-state internal pH after addition of PA or acetic acid to the cytochrome-c oxidase
vesicles suggest a constant net influx of protonated acid. As the protonated acid
equilibrates fast across the membrane a constant influx of this species can only be
sustained by the efflux of an equivalent amount of deprotonated acid. This outward
flux of deprotonated acid determines the extent to which the internal pH and thus the
)pH are reduced. As shown in Fig. 4B, at the same external concentration PA has a
stronger effect on the )pH than does acetic acid. Addition of PA or acetic acid to
pyranine containing liposomes (pH = pH = 7) results in a fast decrease of pyraninein ext
fluorescence and thus of the internal pH (Fig. 5.5) due to the influx of protonated PA
or acetic acid. This process was studied by stopped-flow analysis. Equilibration of PA
and acetic acid occurred very fast, and single exponential fits of the initial decay of
pyranine fluorescence indicated that protonated PA diffuses about 10 times faster
across the liposomal membrane than protonatedacetic acid does (Fig. 5.5, inset). These
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Fig. 5.4 Decrease of the )pH in cytochrome-c oxidase vesicles by the addition of PA or
acetic acid. Panel A: Fluorescent trace of ytochrome-c oxidase vesicles loaded with pyranine
showing the effect of subsequent PA additions on he internal pH at an external pH of 7. Panel
B: effect of addition of PA  (F, ) or acetic acid (),) on the )pH at an external pH of 7
(open symbols) or 6.4 (closed symbols). 
Fig. 5.5 Fluorescent trace of liposomes loaded with pyranine, showing the effect of
subsequent addition of PA (5 mM) and nigericin (1 µM) on the internal pH at an
external pH of 7.Valinomycin (50 nM) was added to the liposomal suspension (2 mg lipid/ml)
10 min before the start of the experiment. Inset: pyranine fluorescence traces of liposomes
obtained by averaging ten separate stopped-flow measurements. The different traces were
obtained by mixing a liposomal suspension with buffer (trace A) and with buffer containing
acetic acid (5 mM, trace B) or PA (5 mM, trace C). 
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studies how that PA in its protonated form is able to pass a lipid bilayer rapidly by
simple diffusion.
Effect of PA on growth and valine uptake
The toxicity of PA towards the fungal cell is suspected to result from dissipation
of transmembrane pH gradients and lowering of the internal pH [125]. It is therefore
likely that lowering of the external pH increases the toxicity of PA. This was examined
by growth experiments with the Wisconsin 54-1255 strain. Production media
containing different PA concentrations were set at the appropriate pH value and
inoculated with mycelium obtained from 45-h-old cultures growing logarithmically in
production media of the same pH containing 3 mM PA. Growth was monitored for 10
h by measuring the increase in the amount of cellular protein, growth rates of cultures
without PA were arbitrarily set at one. At decreasing external pH inhibition of growth
exerted by PA increased significantly (Fig. 5.6A). 
Dissipation of the )pH across the plasma membrane by high external PA
concentrations will result in an inhibition of )pH driven transport systems [137].
Uptake of valine in P.chrysogenum occurs in symport with one proton and is driven by
both the )pH and the )R [130]. Addition of 50 mM PA to a mycelial suspension
resulted in a significant reduction of the steady-state level of valine uptake (Fig. 5.6B).
Addition of acetic acid had a smaller effect on valine uptake. Initial rate studies at
different concentrations revealed that PA and acetic aci only affected the V ,and notmax 
the K , of valine uptake indicating that these compounds did not compete with valinem
for uptake (data not shwn). Concentrations up to 100 mM PA or acetic acid also had
no effect on the activity of the plasma membrane ATPase in isolated plasma
membranes (data not shown). The observed effects of PA and acetic acid are not due
an effect on the activity of the primary proton pump. Therefore, dissipation of the
transmembrane pH gradient by passive diffusion of PA and acetic acid is the most
plausible explanation for the observed decrease in valine uptake.
Effect of the external PA concentration on penicillin production
An important issue in penicillin production is whether the rate of PA influx can
be a limiting factor. The relation between the external PA concentration and the rate
of penicillin production by the P2 strain was determined by a simple filtration assay,
followed by analysis of the obtained filtrate by HPLC. At 25 C and pH 6.5, theo
production of penicillin was constant for at least one h (Fig. 5.7A). Under these
conditions and at an external concentration of 3 mM, PA is taken up at an initial rate
of at least 50 nmol/ in.mg (dry mass) while the initial rate of penicillin production is
about 0.20 nmol/min.mg (dry mass). The initial rate of penicillin 
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Fig. 5.6 Effect of PA on growth rate and valine uptake. Panel A: Inhibition of growth rate of the
P.chrysogenum strain Wisconsin 54-1255 by PA at different pH values of the culture medium: ,pH
7;,pH 6.5; and ,pH 6. Growth rates of cultures containing no PA were set at 1. Panel B: Effect of
50 mM PA or acetic acid on vali e uptake at pH 6.5 in the Wisconsin 54-1255 strain: , no additions;
, 50 mM acetic acid; ,50 mM PA; and ", 1 µM CFOPh(CN) . Mycelial suspensions were3 2 2
incubated 5 min with the effector prior to the addition of valine.
Fig. 5.7 Penicillin production by the P.chrysogenum Panlabs P2 strain. Panel A:
Production of penicillin by mycelium grown in production medium containing 3 mM PA and
harvested after 52 h () or 72 h (). Panel B: Dependency of penicillin production on the
external PA concentration using suspensions of mycelium harvested after 72 h. Inset:
Lineweaver-Burk plot showing an apparent K  of 200 µM and Vof 0.25 nmol/min.mg d.w.m max 
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production by the P2 strain depends on the external PA concentration in a Michaelis-
Menten-like manner (Fig.5.7B). The apparent K  was approximately 200 µM and them
V  was 0.25 nmol/min.mg (dry mass). Since influx of PA occurs much faster than themax
formation of penicillin,the obs rved ependency of penicillin production on the external PA
concentration is probably due to a step in the conversion of PA. Clearly the influx of PA does
not determine the overall rate of penicillin biosynthesis in this strain.
DISCUSSION
Although the uptake of PA in . chrysogenum had never been studied in detail,
it was commonly assumed to take place through passive diffusion [125]. Recently it
was suggested that a specific transport system is involved in PA uptake in penicillin-
producing mycelium [100, 101]. Since transport systems for monocarboxilic acids are
found in several cell types and organisms [54, 77], the existence of a specific PA
permease is not unlikely and such a transport system could play an important role in
the biosynthesis of penicillins by P. chrysogenum. In contrast to the conclusions of
Fernández-Cañón a d coworkers [100, 101, 189, 276],our results demonstrate that
uptake of PA occurs through passive diffusion. This conclusion is based on the
following observations: (i) the rate of PA uptake in mycelial suspensions does not
saturate up to a concentration of 30 mM and does not show a clear saturable
component, as would be expected when transport of PA were carrier mediated; (ii) the
initial rates of PA uptake increased 10-fold upon l wering the external pH by one unit;
(iii) accumulation of PA depends clearly on the )pH across the plasma membrane.
Dissipation of this )pH by CF OPh(CN) results in a significantly reduced uptake and3 2 2
a fast efflux of accumulated PA; (iv) addition of an excess of unlabeled PA does not
result in efflux of intracellular PA. Since uni-directional transport sys em  in fungi have
been reported [132], the latter observation in itself does not exclude the presence of a
specific PA uptake system. Both strains used in these studies showed the same uptake
characteristics for PA, although the P2 strain and the Wisconsin 54-1255 strain differ
strongly in morphology and penicillin production capacity.
The differences between our observations and those made by Fernández-Cañón
and coworkers [100, 101, 189, 276] may have two main reasons. First, the washing st p
in our transport assay is considerable faster which reduces drastically the release of free
PA through efflux. Second, we used radiolabeled PA with a low specific activity at a
relatively high concentration to minimize effects of binding and metabolism.
Interference of metabolism and compartmentalization with PA uptake were avoided by
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determining initial uptake rates. As a consequence of using low concentrations of PA
with a high specific activity, results reported by Fernández-Cañón and coworkers [100,
101, 189, 276] might be aff cted by metabolism. This would explain why regulation
and induction of the “putative” PA transport system coincides with the regulation and
induction of penicill n biosynthesis [100] and why inhibition of PA uptake by several
analogues was observed [101,276], whereas the same compounds had no effect on PA
uptake in our studies. When PA and POA are added in equimolar amounts to the
medium, PA is preferentially utilized [92]. That this is due to the existence of a specific
POA permease which is repressed by PA seems unlikely. A more plausible explanation
is that the acetyl-CoA synthetase that activates PA and POA has a much higher affinity
for PA or that the acyltransferase preferentially couples phenylacetyl-CoA to 6-
aminopenicillianic acid.
Studies in cytochrome-c oxidase vesicles and liposomes showed that PA in its
protonated form rapidly passes lipid bilayers. Although these studies did not allow
calculations of the exact flux rate, they clearly indicate that the half time of PA-
equilibration across the membrane is very short. Furthermore, the rate at which PA
fluxes across the liposomal membrane is about ten times faster than acetic acid, which
has a permeability coefficient of 6.9 x 10 cm sec for egg PC-decane bilayers [300].-3 -1
The composition of these artificial membranes is significantly different from that of P.
chrysogenum plasma membranes [127]. It is, however, unlikely that the permeability
of the native plasma membrane towards PA is drastically different, since the effects of
PA on growth and valine uptake are consistent with a fast passive diffusion process.
Our results indicate that the toxicity of PA results from lowering the internal pH and
dissipation of transmembrane pH gradients through passive diffusion. This leads to
inhibition of processes like hyphal tipgrowth [113] and uptake of solutes. At an
external PA concentration of 3 mM the rate of PA uptake is at least 250-fold f er than
the penicillin production rate of the Panlabs P2 str in. Thi  strain can produce up to 25
mM penicillin while strains presently used in industry are supposed to produc  final
penicillin yields of at least 125 mM [65]. The difference between the rates of PA influx
and penicillin production is large enough to ensure that PA uptake is not a rate limiting
step in the production of penicillin G by industrial strains used at present. 
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Chapter 6
Ergosterol is a major determinant in
penicillin permeability of fungal membranes
SUMMARY
Penicillium chrysogenum is used in the industrial bulk production of the
penicillins G and V. These hydrophobic pencillins are formed intacellularly in a
microbody. Hence, secretion of penicillin i volves the passage of two membranes: the
microbody membrane and the plasma membrane. To determine if biological
membranes can act as a permeability barrier for penicillin excretion, the permeation of
penicillin was analysed in model membrane systems. Penicillin G and V rapidly diffuse
acros membranes composed of solely Escherichia coli phospholipids. Incorporation
of up to 50 mol% ergosterol dramatically reduced the permeability, whereas variations
in the phospholipid composition only weakly affected  the perm ability. It is concluded
that the sterol content of the plasma membrane is an important determinant of the




P. chrysogenum is a filamentous fungus used in the commercial production of
the penicillins G and V. These penicillins are amphiphatic moderately hydrophobic
compounds and due to the presence of a carboxyl group with a pK of 2.73 negativelya
charged at physiological ytosolic pH values [153].The final step in the biosynthesis
of penicillins comprises the conversion of the hydrophilic isopenicillin N into a more
hydrophobic penicillin with an increased antimicrobial activity [8, 9, 181]. This process
is catalyzed by the IPN:acyl-CoA acyltransferase which is located inside a microbody
[204, 205, 206].The mechanism by which the hydrophobic penicillins are released into
the medium is unknown. Studies at Escherichia coli cells and liposomes prepared from
E.coli lipids, indicated that penicillin G is able to rapidly diffuse across model
membranes [308]. This has led to the suggestion that the more hydrophobic penicillins
leave both the microbody and the cell through passive diffusion.
Studies with erythrocyte and model membranes indicated no significant
perturbing effects upon the membrane structure by penicillin G [273]. In contrast,
viscosity studies demonstrated that penicillin G tightly interacts with lipids like
phosphatidylcholine [153]. Extremely high concentrations of penicillin G and other
moderately hydrophobic penicillins could therefore exert toxic effects through
lipophilic interactions with membranes [253]. The final penicillin titers obtained in
current industrial fermentation processes are estimated to be at least 120 mM [65]. In
case of secretion through passive diffusion, extracellular concentrations of this
magnitude would imply even higher and most likely deleterious cytosolic penicillin
levels. Hence, whereas passive efflux mechanisms could serve the needs of low
penicillin producing species in nature, this is not likely to be the mechanism operative
in current industrial strains.
Many antibiotic producing microorganisms possess active product
secretion mechanisms [66, 211, 212]. The presence of a membrane per a ility barrier
in combination with specific efflux mechanisms for the excretion of secondary
metabolites has been reported for several actinomycetes and other bacteria.
Actinomycetes use H-antiport systems for the secretion of antibiotics [211, 212].+
Genetic analysis of the Nocardia lactamdurans $-lactam gene cluster revealed the
presence of a gene encoding a transmembrane protein. This protein is thought to be
involved in the secretion of cephamycin C [61]. Transport systems capable of
translocating $-lactams have been detected in E.coli and in brush border membranes
from rabbit small intestine [161, 162, 163, 211, 212].
Irrespective the mechanism of penicillin secretion in P. chrysogenum, the
plasma membrane will play a key role in the release of penicillin from the cell. It either
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allows the free passage of penicillin through passive diffu ion or acts as a permeability
barrier enabling active secretion of penicillin. The rate of passive transmembrane
diffusion is mainly determined by properties of the solute lik  hydrophobicity and size,
and physical characteristics of the membrane such as acyl chain length, degree of
saturation of fatty acids and membran  fluidity [111]. In the studies presented, several
model systems were used to determine which properties of the membrane are major
determinants in penicillin permeability. The data obtained show a significant effect of
ergosterol on penicillin permeability. Since the ergosterol content of P. chrysogenum
plasma membranes is high, the results indicate that a biological membrane ould act
as a permeability barrier.
EXPERIMENTAL PROCEDURES
Organisms and culture conditions
P. chrysogenum strains Wisconsin 54-1255 and Panlabs P2 (kindly supplied by
Gist-brocades NV) were grown on production medium (pH 6.3) as described by Lara
et al.(1982) supplemented with 10 mM glutamate and 10 % (mass/vol.) glucose.
Cultures were incubated for approximately 70 h in a rotary shaker at 200 rpm and 25
C. The Wisconsin 54-1255 strain was previously cultured for 24 h on productiono
medium, with the omission of phenylacetic acid and lactose, containing 16%
(mass/vol.) glucose. The P2 strain was previously cultured on YPG medium [1 %
(mass/vol.) Yeast extract, 2 % (mass/vol.) Peptone and 2 % (mass/vol.) Glucose] for
72 h at pH 7.
Isolation and reconstitution of Cytochrome-c oxidase
Bovine heart mitochondria were obtained according to the procedure described
by King (1967). Cytochrome-c oxidase was isolated from these mitochondria as
described by Yu et al. (1975), suspended in 50 mM sodium phosphate (pH 7.5)
containing 1.5 % (mass/vol.) cholic acid and stored in liquid nitrogen. Cytochrome-c
oxidase was reconstituted in liposomes, composed of 75 % (by mass) acetone/ether
washed Escherichia coli lipids and 25 % (by mass) Egg Yolk L-phosphatidylcholine,
at a protein/lipid ratio of 0.16 nmol heme a/mg lipid [82].
Plasma membrane isolation and fusion 
P. chrysogenum plasma membranes were isolated according the procedure
described by Hillenga et al. (1994). Cytochrome-c-oxidase-containing liposomes (10
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mg lipid) and plasma membranes (1 mg protein) were mixed, rapidly frozen in liquid
nitrogen and thawed slowly at 21 °C [83]. The freeze-thaw step was repeated once, and
hybrid membranes were sized with a small-volume extrusion apparatus (Avestin Inc.,
Ottawa, Canada) [184] using polycarbonate filters (Avestin) with pore sizes of 400 nm
and 200 nm. Fused membranes had a protein/lipid ratio of approximately 0.08-0.09
(mass/mass) (relative to phospholipid).
 
Electrical and pH gradients across the membrane
The transmembrane electrical potential ()R, interior negative) was calculated
from the distribution of the tetraphenylphosphonium ion (TPP), assuming+
concentration dependent binding to the membranes as described [178]. The external
concentration f TPP was determined with a TPP-selective electrode. Cytochrome-c+ +
oxidase vesicles (corresponding to 0.23 nmol cytochrome-c oxidase) were added to 50
mM potassium phosphate of the indicated pH, containing 5 mM MgSO and 2 µM4
TPP . A proton-motive force ()p) was generated by the addition of ascorbate (10 mM,+
adjusted to the desired pH), N,N,N',N'-tetramethyl-p-phenylenediamine (Ph(NMe) ;2 2
200 µM) and horse heart cytochrome c (20 µM). When indicated, the ionophores
nigericin and valinomycin were used at concentrations of 10 nM and 100 nM,
respectively. The pH gradient across the membrane ()pH, interior alkaline) was
determined from the fluorescence of pyranine (excitation, 450 nm; emission, 508 nm),
measured with a Perkin Elmer LS50B luminescence spectrophotometer. Pyranine (100
µM) was entrapped in proteoliposomes by freeze-thaw-extrusion [82]. External
pyranine was removed with a Seph dex G-25 column (coarse, 1/20 cm). Valinomycin
was added to a final concentration of 50 nM. A )p was generated by addition of the
electrondonor system as described for )R-measurements. When indicated, nigericin
was added to a final concentration of 1 µM.
Transport studies
For efflux studies hybrid membranes or liposomes were washed twice with a 20-
fold volume of 50 mM potassium phosphate, pH 6.5. Concentrated suspensions of 25-
30 mg protein/ml in 50 mM potassium phosphate (pH 6.5) containing 5 mM MgSO,4
CF OPhC(CN) (10 µM) and penicillin (10 mM), were supplemented with a tracer of3 2 2
L-[U- C]-penicillin and incubated for 3 h at 25 C. Samples of 8 µl were rapidly14 o
diluted into 400 µl 50 mM potassium phosphate (pH 6.5) containing 5 mM MgSO and4
CF OPhC(CN) (10 µM) at 25 C, filtered on 0.45-µm pore-size diameter cellulose-3 2 2
o
nitrate filters (Schleicher and Schuell), washed once with 2 ml ice cold 0.1 M LiCl and
processed as described above. Kinetic data were analysed with the GraFit program
(Erithacus Software Ltd.).
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Other methods
Protein concentrations were determined in the presence of 0.5 % (wt/vol) SDS
using a modified Lowry assay [289]. Bovine serum albumin was used as a standard.
Phospholipid concentrations were determined as described by Rouser et al. (1970).
RESULTS
Penicillin G permeates across lipid bilayers
To assess as to whether the plasma membrane of P. chrysogenum could act as
a permeability barrier for penicillin, the diffusion of these compounds was studied in
several model membrane systems. Beef heart cytochrome-c oxidase vesicles
reconstituted with E.coli phospholipids were used to study the )pH dissipating
capacity of the penicillins G and V (Fig. 6.1). The internal pH was measured with the
pH-sensitive fluorophore pyranine and the ionophore valinomycin was added to ensure
that only a )pH was present. Upon addition of the electron donor system ascorbate-
Ph(NMe) -cytochrome c, a )pH of about 1.4 units was formed. Subsequent addition2 2
of either penicillin G or V resulted in a significant decrease of the pyranine
Fig. 6.1 Left: decrease of the )pH in cytochrome-c oxidase vesicles after the addition of
penicillin G () or penicillin V () at an external pH of 7. Right: schematic representation of
the model system used to study dissipation of )pH by penicillin. Beef heart cytochrome-c
oxidase was incorporated as the primary H-pump and valinomycin (Val) was used to prevent+
the formation of a )R. Possible )pH-dissipating penicillin fluxes are indicated.
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fluorescence, indicative for a decrease of the pH inside the liposomes (Fig. 6.1).
Compared to penicillin G, the decrease of the internal pH was significantly larger after the
addition of an equivalent amount of pe icillin V. The log P values of the undissociated species
of penicillin G and V are 0.45 and 0.89, respectively [227]. Hence, the stronger dissipation of
the )pH most likely results from the higher hydrophobicity of penicillin V. These results
indicate that the moderately hydrophobic penicillins can permeate across a phospholipid bilayer.
Ergosterol reduces the penicillin permeability of lipid vesicles
Ergosterol is the predominant sterol in most filamentous fungi [291]. Above the
gel-to-liquid-crystalline phase transition temperature, ergosterol stabilizes membranes
and increases viscosity by interlocking with, and partially immobilizing, regions of
phospholipid molecules close to the polar headgroup [111, 290]. Below the transition
temperature sterols commonly have a disordering effect. Sterols like cholesterol and ergosterol are
known to reduce the permeability of membranes to compounds like  s gars and metal ions [69,
76]. The correlation between the ergosterol content and transmembrane diffusion of
Fig. 6.2 Fluorescent traces of liposomes loaded with pyranine, showing the effect of
ergosterol on penicillin permeability. Panel A shows the result of addition of buffer (trace
a), penicillin G (10 mM, trace b), penicillin V (10 mM, trace c) or nigericin (1µM, trace d) to
liposomes composed of E. coli lipids and L-phosphatidylcholine in a ratio of 3:1 (mass/mass).
The traces a, b and c in panel A are, for comparison, also depicted in panel B. The other traces
in panel B resulted from the addition of penicillin G (10 mM, trace d) and penicillin V (10 mM,
trace e) to liposomes composed of E. coli lipids and L-phosphatidylcholine in a ratio of 3:1
(mass/mass) and 40 mol% ergosterol. Valinomycin (50 nM) was added to the liposomal
suspension before the experiment was started.
penicillin was studied in liposomes composed of E. coli phospholipids and various
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amounts of ergosterol.
In this model system, an artificial pH gradient was imposed by diluting
liposomes containing 100 µM pyranine dissolved in HEPES/KOH of pH 7.8 into the
same buffer system of pH 6.9. Experiment were performed in the presence of
valinomycin (50 nM) to prevent the formation of a )R. The transient pH gradient
existed for at least one hour and was almost constant throughout the course of the
experiment (Fig. 6.2, trace a). The addition of the penicillins resulted in a rapid
depolarization of the )pH (Fig. 6.2, traces b-e). The rate of proton permeation was
calculated from single exponential fits of the initial decay of pyranine fluorescence.
Compared to penicillin G, addition of penicillin V resulted in a significantly faster
initial decay of the )pH. The incorporation of 50 mol% ergosterol into the liposomes
dramatically reduced the rate of proton permeation, i.e., with 98% and 66% for
penicillin G en V, respectively (Fig. 6.3). These data indicate that in orporation of high
amounts of ergosterol results in a strong reduction of the penicillin permeability of the
lipid bilayer.
Fig. 6.3. Reduction of membrane penicillin
permeability by ergosterol. The permeability
is depicted as the net amount of H+
translocated to the liposomal lumen per min.
The permeability of liposomes composed of
E.coli phospholipids and different amounts of
ergosterol was determined for penicillin G (,
5mM) and V (, 5mM). Permeability was
calculated from the initial decay of fluorescent
traces as depicted in Fig. 6.2.
Effect of phospholipid composition on penicillin permeability
The permeability of the membrane for small solutes can be influenced by the
phospholipid composition, such as the acyl chain length, degree of saturation and the
polarity of the headgroups [108, 111, 140, 266]. The effect of the membrane
phospholipid composition on penicillin G permeability was examined in liposomes
composed of E. coli phospholipids enriched with different amou ts of either negatively
charged phosphatidylserine or the zwitter-ionic phosphatidylcholine.
Phosphatidylserine, added to 32 mol%, had no effect on the penicillin G induced
98/Chapter 6
dissipation of the )pH in E. coli liposomes (Fig. 6.3), while a similar amount of
posphatidylcholine reduced the permeability by about 50 %. These effects are,
however, much smaller than those observed for ergosterol.
Fig. 6.4 Effect of the phospholipid
composition of liposomes on penicillin
G permeability. The penicillin G
permeability of liposomes composed of
E.coli phospholipids and different amounts
of phosphatidylserine (PS) or
phosphatidylcholine (PC). The
permeability of liposomes was calculated
from the initial decay of fluorescent traces
as depicted in Fig. 6.2
Efflux of penicillin
In the studies described above, the permeability of the membranes for penicillin
was assessed indirectly. Therefore, the permeability of the membrane was determined
in a direct manner making use of radiolabeled penicillin G. Penicillin diffuses rapidly
out of liposomes composed solely of E. coli phospholipids. About 50% of the penicillin
was released within 1 min. Inclusion of 30 mol% ergosterol in the E. coli phospholipids
dramatically reduced the rate of penicillin permeation, leaving over 90 % of
radiolabelled penicillin inside the lumen after 1 min of incubation (Fig. 6.5). These
results correspond to the data obtained from studies the penicillin G-induced
dissipation of the )pH in liposomes, showing that ergosterol has a marked effect on the
permeability.
P. chrysogenum plasma membranes contain about 30 % ergosterol, but the
isolated membranes form sheet like structures that are not closed, and thus leaky for
penicillin G. Therefore, it is not possible to determine the permeability characteristics
of P. chrysogenum plasma membranes without the addition of exogenic lipids. T
assess the penicillin permeability of the P. chrysogenum plasma membrane, the
membranes were fused with different ratios of liposomes composed of E. coli
phospholipids with or without 30 mol% ergosterol. In case of the ergosterol containing
liposomes, the permeability of the hybrid membranes decreased with the amount of
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plasma membranes remained as leaky for penicillin as the original liposomes (Fig. 6.5).
These studies suggest that plasma membrans of P.chrysogenum fused with liposomes
bearing an identical amount ergosterol also function as a permeability barrier towards
penicillin. 
Fig. 6.5 Efflux of
preloaded penicillin G from hybrid membranes or liposomes. Plasma membranes were
fused in different ratios with liposomes composed of E. coli phospholipids and 30 mol%
ergosterol (closed ymbols) or composed solely of E. coli phospholipids (open symbols). The
ratio of fusion between plasma membranes and liposomes was 1:5 (,F), 1:10 (, )), 1:20
(O, G), and 1:40 (, "), (mass plasma membrane protein/mass liposomal phospholipid). W,
non-fused liposomes composed of E. coli phospholipids and 30 mol% ergosterol. The dashed
line indicates the level of penicillin after equilibration, the initial lumenal concentration of
penicillin was 10 mM. 
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DISCUSSION
Biosynthesis of penicillin proceeds in at least two cellular compartments, the
cytosol and a distinct microbody [174, 204, 205, 206]. Therefore, precursors,
intermediates and end products of the penicillin biosynthesis have to cross several
cellular membranes. During the last two decades, research has been focussed mainly
on the biochemistry, genetics and metabolic regulation of the penicillin biosynthesis.
Less atention has been paid to transport processes involved in the formation of
penicillin. For example, the mechanism through which moderately hydrophobic
penicillins are released into the medium is completely obscure. The final step in
penicillin biosynthesis comprises the conversion of the hydrophilic isopenicillin N into
hydrophobic penicillins, and therefore release through simple diffusion seems a
plausible secretion mechanism. However, final penicillin titers obtained in state of the
art industrial fermentation processes are estimated to be at least 120 mM [65]. In case
of secretion through passive diffusion, a pH difference of one unit between medium
and cytosol would already result in massive intracellular concentrations which are
likely to be deleterious.
Studies with liposomes composed solely of E. coli phospholipids demonstrate
that penicillins G and V are able to penetrate a membrane. They both dissipate an
imposed )pH, indicating that the protonated penicillin is highly membrane permeable
(Fig. 6.1). Penicillin V is more potent than penicillinG. This is a reflection of the higher
hydrophobicity of penicillin V which promotes its flux across the membrane. At
physiological conditions, the permeation of penicillin will be influenced by both th
)pH and )R, i.e. the opposite movement of the deprotonated species will be enhanced
by the )R. In vivo, )R may promote excretion of the anion, but this will only be the
case when the dissociated penicillin is sufficiently membrane permeable. Although
high concentrations of penicillin are needed to dissipate the )pH in liposomes, these
are not uncommon in the producing stage.
To avoid futile cycles and e able active secretion the P. chrysogenum plasma
membrane has to be endowed with a low penicillin permeability.We now show that the
passive diffusion of penicillin across the phospholipid membrane is dramatically
reduced by the inclusion of sterols, i.e. the common fungal sterol, ergosterol.
Incorporation of 50 mol% ergosterol reduced penicillin permeability with a factor
greater than 50. Unfortunately, it was not possible to directly access the penicillin
permeability characteristics of the P. chrysogenum plasma membrane. However, th
plasma membrane of the low producing strain Wis 54-1255 contains approximately 20
mol% sterol [127]. Therefore, it seems likely that these membranes are highly
impermeable to penicillins.
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The phospholipid composition of the membrane seems to have a lesser effect.
Inclusion of the zwitter-ionic phosphatidylcholine enhanced the permeability of the
membrane. It could well be that the negative surface charge limits the diffusion, but an
increase of the negatively charged phospholipid fraction did not further reduce the
permeability. Whether the plasma membranes of industrial strains is adapted to the high
levels of penicillin encountered during the production stage is unclear. For example,
the sterol content of plasma membranes from industrial strains might be severely
altered through strain improvement procedures. Studies in Cephalosporium
chrysogenum showed significant changes in cellular fatty acid composition during
cephalosporin C production [265].
Several microorganisms utilize specific efflux mechanisms for secondary
metabolites that are potentially capable of permeating the membrane passively. Our
studies with the model membranes indicate that passive diffusion, although an option,
it not likely to occur for penicillin. Active secretion of penicillin could occur through
uniport, H -antiport or ATP driven transport but also vesicular secretion remains+
possible.
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Towards rational strain improvement? 
The high-yielding Penicillium chrysogenum strains used today in large-scale
penicillin production are the outcome of over 50 years of random mutagenesis,
screening and selection. Even at present, better producing strains are still obtained
through empirical methods such as random mutation by UV-radiation and the use of
selective pressures, e.g. addition of metabolic inhibitors or intermediates of primary
metabolism. Although this classical approach of strain improvement is in itself a
powerful procedure, it is severely limited by a moderate mutagenic capacity and lack
of specificity. In time these limitations will make it more difficult to obtain higher-
yielding strains through conventional strain improvement procedures.
During the last two decades, biochemistry and genetics of $-lactam antibiotics
advanced rapidly and tools for recombinant DNA technology in P. chrysogenum have
become available. These developments make a more direct and rational approach t
strain improvement feasible: metabolic engineering. Metabolic engineering implies the
combined improvement of strains through genetic engineering and tu ing of production
processes. This approach could boost yields of production strains beyond limits that
are difficult or even impossible to overcome by classical strain improvement
procedures. However, successful and prolonged application of metabolic engineering
demands amongst others an accurate stoichiometric model, proper tools to determine
the basic biochemical flows, sub tantial genetic know-how and detailed knowledge of
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the involved biosynthetic pathways. These basic conditions have lead to scepticism
about the applicability of metabolic engineering in improvement of industrial P.
chrysogenum strains in the near future. It is often argued that the complexity of the
mycelium (a non-stationary multi-cellular system with a complex growth-mode and
containing a diversity of intra-cellular compartments) and the lack of proper tools to
determine biochemical flows accurately will make it difficult to obtain all the data
needed for the construction and completion of a practical model.
Improvement of strains will in the near future probably proceed through both
conventional methods and metabolic engineering, the latter mainly based on common
sense and intuition and less often on thorough analysis. Nonetheless, this approach still
demands substantial genetic and biochemical know-how and a detailed insight in the
physiology of penicillin biosynthesis. Solid information on genetics, biochemistry and
physiology of filamentous fungi does not only benefit industrial research: it is of
fundamental importance as well. Extensive research at penicillin biosynthesis will
enhance our perception of the general and specific principles underlying the formation
of secondary metabolites in fungi and it will contribute to a better understanding of the
physiology of filamentous fungi in general.
Are transport processes potential bottlenecks in penicillin production?
Considering metabolic engineering of industrial strains raises also the question
which role transport processes play in penicillin biosynthesis. Although the obtained
final penicillin titers are high in current industrial production processes, the average
rate at which penicillin is formed during the production stage is low. High maximum
rates of nutrient uptake and product secretion are therefore not needed to sustain
penicillin production. Hence, when supplied at sufficient levels uptake of nutrients is
unlikely to form a bottleneck in penicillin production (e.g. he rate of phenylacetic acid
uptake is substantially higher than the rate of penicillin production, chapter 5 of this
thesis). In contrast, the secretion of penicillin could be a critical process. Since the final
step in penicillin biosynthesis comprises the conversion f a hydrophilic penicillin into
a more hydrophobic one, release through simple diffusion seems the most plausible
mode of secretion. However, this is not a conceivable mechanism in industrial strains.
The slow rate at which penicillin is produced in industrial production processes does
not exclude passive diffusion per se, but the high final titers (at least 125 mM) are
indicative of an active process. Our studies with model systems showed that the
penicillins G and V diffuse rapidly across simple lipid bilayers and re able to dissipate
a transmembrane pH-gradient. Penicillins are therefore toxic to living cells in particular
at the high concentrations encountered at the end of the production stage. 
Based on the effect of ergosterol incorporation on penicillin permeability of
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model membranes, we anticipate that the presence of 20 mol% ergosterol endows the
P. chrysogenum plasma membrane with a low permeability to penicillins. Preliminary
experiments using mycelial suspensions and protoplasts of a low producing strain
showed that penicillin G is effectively excluded, indicative of the presence of an active
secretion system [Hillenga, 1994, unpublished results]. Most transport systems capable
of translocating $-lactam antibiotics identified thus far transport hydrophilic $-lactams.
Recently, Nikaido and colleagues [212] showed that the Salmon lla typhimurium
AcrAB efflux pump transfers resistance to $-lactam antibiotics in the complete absence
of $-lactamase. Especially $-lactams with lipophilic side-chains showed to be good
substrates for the AcrAB pump. It is herefore not unlikely that a similar  transporter
belonging to one of the multidrug resistance transporter families is involved in
secretion of moderately hydrophobic penicillins in P. chrysogenum. The detection of
this putative penicillin transporter might however prove to be difficult. Next to
transport studies in mycelium and less complicated systems a genetic approach seems
the best way to tackle this problem. Although elucidation of the mode of penicillin
excretion has to be a main topic in future research, nutrient uptake and other transport
processes should not be ignored. Information on the location and levels of transport
systems and their characteristics (e.g. p cificity) will be valuable in constructing an
accurate stoichiometric model for metabolic engineering or when considering the use
of novel nutrients or the design of new pathways.
The complications of physiological studies on penicillin biosynthesis. 
Physiological studies in filamentous fungi are severely hampered by their
complex growth characteristics and miscellaneous cellular and sub-cellular
morphology. Correct assessment of data such as localization and concentration of
solutes and enzymes, internal pH values and transmembrane gradients, is difficult or
even impossible with the methods currently available. Studies on penicillin
biosynthesis in P. chrysogenum are additionally frustrated by the following: i)
penicillin formation presumably only takes place in the non-growing metabolically
active hyphal regions; ii) penicillin biosynthesis proceeds in different cellular
compartments. Several of these obstacles can be circumvented by the use of less
complicated models like the system described in this thesis or by using olated “intact”
organelles or their membranes. 
Membrane-located processes like transport can be studied in great detail in
simple model systems. The studies presented in this thesis showed that a model
membrane system based on isolated plasma membranes can be used to elucidate the
transport mechanism of various solutes. Features such as kinetics, identity of the
coupling ions, stoichiometry and specificity can be determined very accurately.
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However, the simplicity of the model system also limits its applicability and the
extrapolation of obtained data. In intactmycelium different ion gradients are sustained
concurrently across the plasma membrane and transport of solutes interacts with many
physiological processes. Moreover, the cellular differentiation and distinct way of
growth of filamentous fungi has resulted in specific adaptations of the plasma
membrane. Of these the two most typical ones are: i, the irregular distrubution of the
H -ATPase and nutrient carriers along the hyphae; and ii, the presence of a current and+
pH/ion gradients along hypha. The model system we developed is not suitable for
studies on these and several other features of plasma membrane located processes and
their interactions with intracellular processes. A miscellaneous approach might give
more insight, e.g. using antibodies against the plasma membrane ATPase and solute
transporters, labeling of these enzymes with fluorescent substrates and micro-electrode
measurements.
Future studies on nutrient uptake in penicillin biosynthesis.
Interesting topics for future studi s in the developed model system are amongst
others: transport of sugars (e.g. glucose and lactose), uptake of inorganic phosphate and
the regulation of sulfate transport. At present the mechanism of glucose and lactose
transport is unclear, active transport or facilitated diffusion are possible mechanisms.
In case of active transport, probably one mole of ATP is consumed per mole of glucose
imported, while facilitated diffusion does not demand the input of ATP. Studies on
glucose consumption in C-limited continuos cultures of P. chrysogenum showed an
affinity of 0.02 mM, indirectly suggesting the presence of a high-affinity transporter.
Preliminary studies on sugar transport in P. chrysogenum, demonstrated that
protonophores instantly inhibit the uptake of both glucose and lactose in mycelial
suspensions (Hillenga 1994, data not shown). This observation seems to support the
presence of active transport systems for these sugars. However, it is well known that
addition of protonophores st ongly affects the overall energetic state of the cell. Upon
addition of protonophores, cytosolic ATP levels decline within seconds and ATP
consuming processes such as the phosphorylation of sugars are severely effected.
Hence, uptake of mono- and disaccharides in P. chrysogenum might take place through
active transport but uptake through facilitateddiffusion can not be excluded at present.
Proton-motive-force (pmf) driven uptake of glucose or lactose in hybrid plasma
membrane vesicles could not be demonstrated so far.
In Neurospora crass  indications have been obtained that inorganic phosphate
is taken up in symport with sodium ions. Since in the studies described in this Thesis
we only demonstrated pmf-driven transport, solid evidence for solute uptake driven by
a sodium gradient would show t at filamentous fungi are able to utilize different ion
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gradients for solute uptake. Studies at inorganic phosphate transport in P. chrysogenum
might therefore b  very interesting, especially from a fundamental point of view. The
conversion of sulphate to L-cysteine is one of the primary metabolic routes through
which the flux must have increased significantly due to strain improvement. Uptake of
sulfate is strictly regulated and subject to genetic and metabolic control mechanisms.
These control mechanisms might be severely altered in industrial strains resulting in
elevated uptake of sulphate during penicillin production. In addition to the transpor
studies with the developed model system, a genetic approach is needed to identify and
characterize the mechanisms involved.
Additional topics
Our studies showed that ergosterol plays a major role in the penicillin
permeability of the P. chrysogenum plasma membrane. The biosynthesis of ergosterol
seems therefore an attractive target in strain improvement and it is feasible that the
ergosterol content or he sterol composition of the plasma membrane has been altered
due to the applied mutagenic procedures. Since information on industrial strains is
classified, it is unknown whether plasma membranes of high producing industrial
strains contain more or less ergosterol than plasma membranes of low producing
strains. When i dications are obtained for a specific tendency, this information could
possibly be used in strain improvement. Moreover, a specific trend might indicate
which mechanism of penicillin excretion is operative in industrial strains. Comparison
of the overall composition of plasma membranes from strains that produce different
levels of penicillin possibly reveals other differences.
As discussed in chapter 1 of this thesis, the microbody plays a central role in
penicillin biosynthesis. Studies at the secr tion of penicillin and the role of transport
in penicillin biosynthesis should not be limited to the plasma membrane but also
involve this organelle. Fluxes through the microbody have to be high to prevent the
accumulation of several products inside the microbody. How the produced hydrophobic
penicillin and other compounds leave the microbody is unclear. When given the
opportunity, hydrophobic penicillins like penicillin G and V will certainly insert into
intracellular membranes and pollute organelles. To prevent this, P. chrysogenumhas
to sustain low cytosolic levels of the hydrophobic penicillin produced. This can be
achieved through effective removal from the cell via a plasma membrane located
transport system. The penicillin formed has to be contained in a specific compartment
prior to release, e.g. secretory vesicles. Penicillin could leave the microbody through
a specifc transport system or through diffusion via aspecific porins. Homogenou
penicillin microbody fractions suitable for in vitr studies have not been isolated today.




“What is so interesting about transport processes in P. chrysogenum”? “Over
forty years of research, everything must be known by now, the field you are working
in seems not that interesting to me”. These type of questions and remarks were
frequently prompted after presentations on the research described in this thesis. In
short, to “outsiders” research at penicillin biosynthesis has the image of being outdated,
and mainly based on commercial motives. That the commercial value of penicillin is
often one of the reasons to initiate studies on P. chrysogenum is true. However,  there
are also important basic scientific motives to examine penicillin biosynthesis in this
fungus. Despite many years of research, our knowledge o  several aspects of penicillin
biosynthesis is rather poor. Nonetheless, due to the fast and still rapidly growing
knowledge on penicillin biosynthesis and its regulation, P. chrysogenum is regarde
a model organism in fungal secondary metabolite formation. From a genetic point of
view, Aspergillus nidulans i  more suitable to study specific features of penicillin
biosynthesis. But the wealth of public information and especially the availability of
high-producing strains make P.chrysogenum the organism of choice for research on
transport processes. The studies described in this thesis should be regarded as a first
step towards elucidation of the role of transport processes in $-lactam formation.
Future research at plasma membrane located transport processes and at the microbody
membrane should reveal for example how penicillin is secreted and if next to a proton
circuit other ion circuits play an important role in nutrient uptake across the plasma
membrane. The developed model system can be a valu ble tool in these studies but the




Penicillium chrysogenum is a filamentous fungus used for the bulk production
of penicillins by industry. Only the penicillins G and V are produced by fed-batch
cultivation of high-yielding P. chrysogenum strains. For more than 50 years, improved
industrial strains have been obtained by repeated rounds of random mutation and
subsequent selective screening. This classical approach of strain improvement is very
powerful but has limited mutagenic potential and lacks specificity. During the last
decade, molecular genetics and biochemistry of hydrophobic penicillins and other $-
lactam antibiotics have advanced rapidly. This progress, together with the development
of genetic engineering methods has made it possible to improve industrial strains by
a more rational strategy, often referred to as metabolic engineering. Successful
application of metabolic engineering, i.e., combined improvement of strains and
cultivation conditions, requires knowledge of the rate and yield controlling step(s). In
recent studies dealing with improvement of penicillin production two general
approaches have been applied to determine potential bottlenecks: metabolic flux
analysis and metabolic control analysis. Two important aspects are only partially
included or more or less ignored in these studies. This concerns the intracellular
compartmentalisation and transmembrane transport of various solutes. Recent reports
on the presence of a phenylacetic acid transport system and indications for a complex
spatial organization of penicillin biosynthesis has focussed the attention on transport
steps involved in this process. Transport studies in P. chrysogenum presented so far
were conducted at mycelial suspensions only. Mycelial suspensions are inadequate for
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such studies as data are often affected by metabolism and compartmentalization of the
transported compounds. This project was initiated to obtain s lid information on the
nature and specificity of the transport sy tems that reside in the plasma membrane and
that are of important in penicillin production. To study these ransport systems in detail
a simple model system based on isolated plasma membranes had to be constructed.
Plasma membrane isolation (Chapter 2)
An isolation procedure that yields pure plasma membrane fractions was
developed. Plasma membranes fractions were isolated from two P. chrysogenum
strains: Wisconsin 54-1255 and P2. The plasma membranes showed to have  a density
and sterol content that is typical for fungi, and possess a primary H- ATPase belonging+
to the group of P-type ATPases. To study proton-motive force ()p)-dependent
transport systems, plasma membranes were fused with liposomes containing the beef
heart mitochondrial cytochrome-c xidase as an accessibl primary proton pump. After
fusion, the hybrid membranes are endowed with a low ion-permeability, and are thus
able to sustain a high )p for a considerable period of time. These vesicles can easily
be energized by the external addition of reduced cytochrome c. This r sults in the
generation of a high )p that drives the uptake of different amino acids via transport
systems that reside in the plasma membrane. Amino acid uptake studies with the hybrid
membranes demonstrated that the hybrid membranes are suitable for th tudy of active
transport processes in fungi plasma membranes.
Basic amino acid transport (Chapter 3)
 
The developed modelsystem was used to study in detail the kinetic and energ ti
properties of the constitutive arginine/lysine permease (syste  VI). As expected for the
purified plasma membranes, the specific and maximum transport velocity (V) ofmax
arginine was considerably increased compared to intact mycelium. However, the
affinity for arginine and lysine uptake was significantly lower than in mycelium. This
alteration might have resulted from the applied isolation or fusi n proced res, but since
the kinetic parameters in intact mycelium are less well defined than in a vesicle system,
the discrepancy more likely arises from the fact that mycelium, in particular that of the
P2 strain, is inhomogeneous. Moreover, the presence of an anionic cell wall, with a
variable thickness, may interfere with the bulk diffusion of cationic solutes like
arginine. 
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In analogy to Saccharomyces cerevisiae, a symport stoichiometry (n) of 1 Happ
+
per amino acid was determined for the basic amino acid permease. Within the pH-range
studied, the n  varied only slightly indicating that the stoichiometry is not dramaticallyapp
affected by the internal or external pH. Efflux studies of the basic amino acids in
membrane vesicles clearly demonstrate that this symport system functions in a
reversible manner. An apparent asymmetry is seen in the half-saturation parameters Km
and not in the V  terms. The K value for arginine efflux is almot 50-fold higher thanmax m
the K  for )p driven arginine uptake. This, however, does not imply that the permeasem
is functionally asymmetric, but rather suggests that the Kis influ nced by the )p.m
With the plasma membranes, no evidence was obtained that “transinhibition” by
arginine occurs. Internal arginine concentrations up to 10 mM did not inhibit the efflux
process in the plasma membranes, while such concentrations block the counterflow
activity in mycelium. “Transinhibition” seems to be specific for intact mycelium, and
is presumably caused by metabolism or compartmentalization in the cell instead of
representing a specific kinetic effect on the permease.
In conclusion, these studies demonstrate that hybrid membrane vesicles are a
powerful tool in investigating characteristics of transport systems from filamentous
fungi. Important advantages of hybrid membrane vesicles over mycelial suspension are:
i) transport systems can be investigated without the interference of
compartmentalization or metabolic activities; ii) the magnitude of driving forces can
be accurately determined; iii) mechanistical properties of transport systems can be
assessed more adequately; iv) the specificity of a system can be resolved with more
certainty.
Sulfate uptake (Chapter 4)
One of the transport processes that plays an important role in the production of
penicillins is the uptake of sulfate. Sulfate is the primary sulfur source in industrial
penicillin fermentations and thus the origin of the sulfur atom contained within the
penicillin molecule. Sulfate uptake was previously extensively studied in mycelial
suspensions of Penicillium species. However, the precise energetics of this system were
unknown. Using this hybrid system, we could show that sulfate uptake is an
electroneutral process most likely involving co-transport of the sulfate anion with two
protons.
Sulfate uptake in hybrid membranes depends only on the )pH. Sulfate uptake
in P.chrysogenum occurs in symport with protons. Since it is an electroneutral process,
the H /SO  symport stoichiometry must equal 2:1. The experimentally determined+ 2-4
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stoichiometry is lower, but this may well be due to the heterogeneity of the hybrid
membranes which could contain a subpopulation without sulfate transport systems.
Sulfate uptake with a H/sulfate stoichiometry of 2 may be considered as an+
energetically expensive process. The Htranslocating P-type ATPase present in the+ 
plasma membranes ofP. chrysogenum is thought to function with a H/ATP+
stoichiometry of one. Uptake of a sulfate anion would, therefore, requi  the hydrolysis
of two ATP molecules. In P. otatum sulfate uptake was studied in an ATP sulfurylase
strain to circumvent effects of metabolism on sulfate accumulation. These studies
suggested that both protons and calcium are involved in the uptake of sulfate in this
organism. In the plasm  membranes of P. chrysogenum such Ca/sulfate co-transport2+
could not be demonstrated. The possibility exists that the sulfate uptake system studied
in P. notatum ycelium functions by a different mechanism, but it seems more likely
that in those studies the combined action of a Ca and sulfate transport systems was2+
determined.
The P.chrysogenum sulfate transport system possesses a narrow substrate
specificity. Our results confirmed previous studies on fungal sulfate transport and
demonstrate that the system accepts, beside sulfat , thio lfate, dithionate and selenate
as substrates. A kinetic analysis suggests that P.chrysogenum expresses the same
transport system under both sulfur sufficient and deprived conditions. This transport
system has a high affinity for sulfate, and with the growth medium used, the transport
system is saturated and thus functions at its maximal velocity. Upon sulfate
deprivation, the V  is increased several fold. This most likely is th  result of increasedmax
expression of the sulfate transport system to allow the cells to scavenge traces of
sulfate from the medium. In addition, other regulatory mechanisms may be
operationally, such as enzymatic regulation of the transport system.
Uptake of phenylacetic acid (Chapter 5)
Uptake of phenylacetic acid (PA) by P.chrysogenum can either take place
through simple diffusion or via a specific transport system. PA is a weak acid and the
undissociated species might rapidly diffuse across lipid bilayers. Although the uptake
of PA in P.chrysogenum had never been studied in detail, it was commonly assumed
to take place through passive diffusion. A specific transport sysem has been implicated
in the uptake of PA by penicillin-producing mycelium. Since transport systems for
monocarboxilic a ids are found in several cell types and organisms, the ex tence of
a specific PA permease is not unlikely. It could play an important role in the
biosynthesis of penicillins by P.chrysogenum. 
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To establish the presence of the PA transport system and to characterize it in
detail, the uptake of PA in mycelial suspensions was studied extensively. Mycelial
suspensions, liposomes and cytochrome-c oxidase containing liposomes were used to
examine the passive influx of PA. Despite extensive studies, the presence of a PA
transport system in P.chrysogenum could not be demonstrated. In variance with the
conclusions of Fernández-CaÁón nd coworkers, the results indicated that uptake of PA
occurs through passive diffusion. This view based on the following observations: (i)
the rate of PA uptake in mycelial suspensions shows no saturation up to a concentra ion
of 30 mM; (ii) the initial rate of PA uptake increased 10-fold upon lowering the
external pH with one unit as expected for the diffusion of the undissociated acid; (iii)
accumulation of PA depends clearly on the )pH across the plasma membrane.
Dissipation of this )pH by CF OPh(CN) results in a significantly reduced uptake and3 2 2
a fast efflux of accumulated PA; (iv) addition of an excess of unlabeled PA does not
result in efflux of intracellular PA. Since uni-directional transport sys em  in fungi have
been reported, the latter observation does not exclude the presence of a specific PA
uptake system. Although the P2 strain and the Wisconsin 54-1255 strain differ
significantly in morphology and in their capacity to produce penicillin, both these
strains showed the above-stated PA uptake characteristics.
Studies in cytochrome-c oxidase vesicles and liposomes showed that PA in its
protonated form rapidly diffuses across the lipid bilayer. The diffusional rate of PA is
about ten times faster than acetic acid, which has a permeability co fficient of 6.9 x 10-
 cm sec for egg PC-decane bilayers. The lipid composition of the model membranes3 -1
significantly deviates from that of P.chrysogenum plasma membranes. Nevertheless,
it seems unlikely that the permeability of the native plasma membrane towards PA is
drastically different. The toxicity of PA results most likely from lowering the internal
pH and dissipation of )pH through passive diffusion. This leads to inhibition of
processes like hyphal tip growth and uptake of solutes.
At an external PA conce tration of 3 mM the rate of PA uptake is at least 250-
fold faster than the penicillin production rate of the Panlabs P2 strain. This strain can
produce up to 25 mM penicillin while strains presently used in industry are supposed
to produce final penicillin yields of approximately 120 mM. The difference between
the rates of PA influx and penicillin production is large enough to ensure that PA
uptake is not a rate limiting step in the production of penicillin G by industrial strains
used at present. 
114/Chapter 8
Reduction of penicillin diffusion by ergosterol (Chapter 6)
Although of significant importance in penicillin production, nothing is know
about the mechanism through which penicillin is released into the medium by
P.chrysogenum. The final step in penicillin biosynthesis constitutes the conversion of
isopenicillin N into a more hydrophobic penicillin, which may possibly leave the cell
by simple diffusion across both the microbody and plasma membrane. The extent of
pasive membrane diffusion is mainly determined by properties of the solute like
hydrophobicity and size, and physical characteristics of the membrane such as acyl
chain length, degree of saturation of fatty acids and membrane fluidity. How ver, many
antibiotic producing microorganisms possess active product secretion mechanisms. The
presence of a membrane permeability barrier urges the need for a specific efflux
mechanisms such as found for the excretion of secondary metabolites has b en reported
for several actinomycetes and other bacteria. Similar to the secretion mechanisms for
secondary metabolites encountered in bacteria and plants, active release of penicillin
might occur through either, facilitated transport, e.g., H-antiport, ATP-dependent+
excretion, or via an exocytosis-like process. Transport systems capable of translocating
$-lactams have been detected in E.coliand in brush border membranes from rabbit
small intestine.
Irrespective the secretion mechanism operative in P.chrysogenum, the plasma
membrane will play a key role in the secretion of penicillin. This membrane either
allows the passage of penicillin through passive diffusion or acts as a permeability
barrier enabling active secretion of penicillin. Several model systems were used to
examine passive diffusion of penicillin across membranes. Liposomes composed of
Escherichia coli phospholipids and L-phosphatidylcholine appeared to be highly
permeable to penicillin G en V. The permeability was dramatically reduced when
physiological amounts of ergosterol of up to 50 % were incorporated. The phospholipid
composition of the membrane appeared to be only a minor determinant of th  penicillin
permeability. Evidently, the sterol content of P.chrysogenum plasma membranes is of
significant importance regarding the mechanism of pe icillin secretion. Upon lowering
of the external pH no accumulation of penicillin in mycelial suspensions and
protoplasts occurred, indicating an effective mechanism to excludes penicillin from the
cell. Efflux studies with hybrid membrane vesicles indicate that the plasma membrane
can act as a permeability barrier enabling active secretion of penicillin.
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Final remarks
The development of a model system based on isolated plasma membranes
enabled us to obtain valuable and solid information on plasma membrane located
transport systems in P.chrysogenum. Information on the presence of certain transport
systems and their specificity is valuable when considering the use of novel nutrients
or pathways. However, in view of the low rate at which penicillin is produced, it is
unlikely that uptake of a specific solute or precursor will form the bottleneck in current
penicillin production. In contrast, the secretion of p nicillin could be a critical process.
The toxicity and low membrane permeability of penicillin G make it unlikely that it is
passively excreted by the cells. A specific transport system seems to be needed to
excrete penicillin. The identity of such a system is unknown at present. The transport
systems capable of translocating $-lactam antibiotics identified thus far only transport
very hydrophilic $-lactams. A system belonging to one of the families of multi-drug
transporters might be involved in s cretion of moderately hydrophobic penicillins like
penicillin G and V. In view of the importance of penicillin secretion in industrial
production processes, research should be focussed on this process. Furthermore, to
clarify the role of compartmentalization and organellar transport systems in penicillin
biosynthesis dedicated research at microbodies is needed. The microbody clearly
fulfills a central role in the biosynthesis of hydrophobic penicillins. Extensive
characterization of this organelle will profoundly enhance our understanding of the




Penicilline is het oudste en meest bekende middel tegen bacteriële infecties. In
1928 ontdekte Sir Alexander Fleming dit antibioticum min of meer toevallig. Tijdens
het opruimen van zijn laboratorium in het St. Mary’s ziekenhuis in Londen zag hij dat
in een kweekschaal voor bacteriën ook een schimmel groeide. Rondom de schimmel
groeiden geen bacteriën, en Fleming dacht dat deze schimmel misschien een bepaalde
stof uitscheidde die bacteriën kon doden. Daarom besloot Fleming de kweekschaal niet
weg te gooien maar kweekte hij de schimmel en toonde aan dat deze inderdaad een
bacteriedodende stof produceerde. Vanwege de naam van de schimmel, Penicillium
notatum, noemde Fleming deze stof penicilline. Het duurde nog tot 1939 voor men
penicilline wist te isoleren en dus kon gaan toepasse als geneesmiddel. Tegenwoordig
maken penicillines en verwante middelen nog meer dan 60% uit van de wereldmarkt
van antibiotica. Artsen schrijven vaak penicillines voor met een b ed  werking zoals
amoxycilline n ampicilline. Deze penicillines zijn zuurbestendig en bijna niet giftig
waardoor men een hoge dosis eenvoudig via de mond kan innemen. Dat antibiotica
belangrijk zijn in onze moderne samenleving blijkt wel uit de schatting dat de
gemiddelde levensverwachting in de Verenigde Staten met ongeveer tien jaar is
toegenomen door het gebruik van deze middelen.
Voor de grootschalige productie van penicilline wordt sinds 1943 Pe icillium
chrysogenum, de penicillineschimmel, gebruikt. Tegenwoordig worden alleen de
penicillines G en V met deze schimmel geproduceerd. Deze twee penicillines vormen
de grondstof voor bijvoorbeeld de al genoemde semi-synthetische penicillines,
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amoxycilline en ampicilline. Penicilline V wordt ook direct gebruikt, bijvoorbeeld in
veevoeders. Bij de productie van penicilline worden speciaal geselecteerde stammen
van de penicillineschimmel gebruikt. Deze stammen produceren veel penicilline en zijn
verkregen via uitgebreide mutagenisatie- en selectieprocedures. De afgelopen tien jaar
zijn methoden ontwikkeld voor het genetisch manipuleren van penicillineschimmel.
Industriële stammen kunnen met behulp van deze procedures sneller en doeltreffender
verbeterd worden. Genetische manipulatie kan echter alleen eff ctief toegepast worden
wanneer men weet welke veranderingen in een hogere productie van penicilline
resulteren.
Om in leven te blijven, te groeien en penicilline te produceren neemt de
penicillineschimmel allerlei stoffen op uit zijn directe omgeving. Daarnaast  scheidt het
verschillende stoffen waaronder  penicilline uit. Aan de buitenkant is de schimmelcel
omgeven door een st rke celwand met een poreuze structuur waardoor veel stoffen er
eenvoudig doorheen kunnen. Maar aan de binnenkant va  de celwand bevindt zich een
dunne laag die veel minder doorlaatbaar is: de plasmamembraan. De plasmamembraan
bestaat uit lipiden (vetten) en eiwitten. Veel stoffen kunnen de plasmamembraan alleen
maar passeren via bepaalde eiwitten die zich in de membraan bevinden. Deze eiwitten
vormen een speciale gro p enzymen die zorgen voor het transport van stoffen over de
plasmamembraan. Hoewel deze transporteiwitten een belangrijke rol vervullen in d
productie van penicilline is er weinig over bekend. Daarom is in het kader van een
STW-project onderzoek gedaan aan transport van belangrijke verbindingen door de
plasmamembraan van de penicillineschimmel.
Isolatie van plasmamembranen (Hoofdstuk 1)
Voor onderzoek aan het transport van verbindingen over de plasmamembraan
van de penicillineschimmel zijn tot voor kort steeds hele cellen gebruikt. Het gebruik
van hele cellen geeft vaak slechte en onbetrouwbare resultaten. Dit komt doordat veel
stoffen in de cel snel worden omgezet of zich op een bepaalde plaats in de c l ophopen.
Deze problemen kunnen worden voorkomen door gebruik te maken van goed gesloten
membraanblaasjes die gemaakt zijn van geïsoleerde plasmamembranen. In deze
membraanblaasjes kun je heel selectief kijken naar transport van een verbinding over
de plasmamembraan. Omdat nog niet bekend was hoe plasmamembranen van d
penicillineschimmel geisoleerd moeten worden, hebben we eerst een methode hiervoor
ontwikkeld. Na het uitproberen van allerlei bekende isolatieprocedures werd
uiteindelijk voor een eenvoudige methode g kozen. Deze methode is geschikt voor het
isoleren van plasmamembranen uit verschillende varianten (stammen) van de
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penicillineschimmel. Na isolatie werden de plasmamembranen van de
penicillineschimmel uitgebreid onderzocht.
Via een in ons laboratorium ontwikkelde methode kan men geïsoleerde
plasmamembranen laten versmelten met liposomen (liposomen zijn eenvoudige
membraanblaasjes die gemaakt zijn van lipiden). Door hiervoor liposomen te gebruiken
met daarin cytochroom-c oxidase, worden membraanblaasjes verkregen die naast de
schimmeliwitten ook dit enzym bevatten. Het cytochroom- oxidase kan protonen
(positief geladen elektrische deeltjes) van ene kant van de membraan naar de andere
kant transporteren waardoor de membraanblaasjes net als een condensator worde
opgeladen. Bepaalde transporteiwitten kunnen op hun beurt deze en rgie gebruiken om
stoffen over de membraan te transporteren. Van twee verbindingen, de aminozuren L-
valine en L-arginine, konden wij aantonen dat transport in de membraanblaasjes alleen
plaatsvindt wanneer ze opgeladen zijn. Dit bewijst dat de membraanblaasjes een
eenvoudig en goed modelsysteem vormen dat geschikt is voor onderzoek aan
transporteiwitten die gebruik maken van protonen.
Opname van aminozuren (Hoofdstuk 3)
De aminozuren L-arginine en L-lysine worden door de penicillineschimmel
opgenomen via een transporteiwit dat onder alle omstandigheden aanwezig is in de
plasmamembraan. Om vast te stellen hoe geschikt ons modelsysteem is werden
verschillende eigenschappen van dit transporteiwit onderzocht. Het bleek dat alleen
verbindingen die in hustructuur lijken op L-arginine een remmende werking hebben
op het transport van L-arginine. Het transporteiwit wil dus alleen verbindingen over de
plasmamembraan transporteren die op L-arginine lijken. Tijdens de opname van L-
arginine wordt er netto één elektrische lading getransporteerd en het transporteiwit
gebruikt protonen om L-arginine te transporteren. Experimenten en ber keningen lieten
zien dat het transporteiwit één argininemolecuul samen met  één proton over de
plasmamembraan transporteert. Omdat zowel het argininemolecuul als het proton een
positieve lading hebben, worden er dus in totaal twee positieve ladingen
getransporteerd. Volgens de literatuur functioneren de transporteiwitten voor
aminozuren in schimmels maar in één richting (alleen opname, dus alleen van buiten
naar binnen). Studies in membraanblaasjes lieten echter zien dat dez  eiwitten transport
in beide richtingen kunnen katalyseren. Uit onderzoek aan het transporteiwit voor L-
arginine blijkt dus dat de membraanblaasjes heel geschikt zijn voor het bestuderen van
allerlei eigenschappen van transporteiwitten. Het gebruik van membraanblaasjes heeft
zeker één nadeel: doordat er maar weinig transporteiwitten in de plasmamembraan
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voorkomen heb je veel materiaal nodig voor transportstudies. Belangrijke voordelen
van het membraanblaasjes  zijn: i) tra sporteiwitten kunnen onderzocht worden zonder
de complicaties die in hele cellen optreden; ii) de manier waarop het transporteiwit
werkt kan heel nauwkeurig onderzocht worden; iii) de specificiteit van het systeem is
met veel grotere zekerheid te bepalen dan in hele cellen.
Opname van sulfaat (Hoofdstuk 4)
Bij de productie van penicilline wordt vaak sulfaat gebruikt als zwavelbron.
Twee aspecten van sulfaatopname in de penicillineschimmel werden onderzocht: het
mechanisme en de regulatie. Hiervoor werden plasmamembr nen geïsoleerd van cellen
die gekweekt zijn met veel of weinig sulfaat. De snelheid waarmee sulfaat werd
opgenomen bleek het hoogst te zijn in plasmamembranen van cellen die gekweekt
waren met weinig sulfaat, maar de affiniteit voor sulfaat was gelijk in de twee
verschillende membraanpreparaten. Deze resultaten geven aan dat de
penicillineschimmel onder de ons gekozen omstandigheden één type transporteiwit
voor opname van sulfaat gebruikt. Bij groei in media met lage sulfaatconcentraties
wordt er in de cel meer van dit transporteiwit aangemaakt. Sulfaat wordt opgenomen
via een proces waarbij twee protonen per molecuul sulfaat worden getransporteerd.
Hoewel er sneller sulfaat werd opgenomen wanneer hoge concentraties calcium werden
gebruikt, bleek calcium geen essentiële rol te spelen. De penicillineschimmel kan via
het onderzochte sulfaattransportsysteem niet alleen sulfaat maar ook andere
anorganische zwavelverbindingen opnemen.
Opname van fenylazijnzuur (Hoofdstuk 5)
Fenylazijnzuur wordt gebruikt voor de productie van penicilline G door d
penicillineschimmel. Na opname uit het medium wordt fenylazijnzuur in de cel eerst
omgezet in een andere verbinding en daarna aan het penicillinemolecuul gekoppeld.
Het proces waarmee fenylazijnzuur wordt opgenomen door de penicillineschimmel is
sinds enkele jaren weer onderwerp van discussie. Men dacht altijd dat fenylazijnzuur
door de penicillineschimmel werd opgenomen via een eenvoudig diffusieproces, dus
zonder tussenkomst van een transporteiwit. Maar de enkele jaren geleden zijn er een
aantal wetenschappelijke publicaties verschenen waarin werd beweerd dat bij de
opname van fenylazijnzuur een transporteiwit betrokken is. Naar aanleiding van de
ontstane controverse zijn door ons studies gedaan aan de opname van fenylazijnzuur
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in de penicillineschimmel. Bij deze studies werd geen bewijs gevonden voor het
bestaan van een transporteiwit voor fenylazijnzuur. Al onze resultaten wezen juist op
opname door eenvoudige diffusie. De aanwezigheid van een transporteiwit met een
heel lage affiniteit kunnen we niet helemaal uitsluiten. Een dergelijk transporteiwit zou
overigens geen rol van betekenis spelen in de productie van penicilline. De snelheid
waarmee fenylazijnzuur naar binnen gaat is namelijk veel hoger dan de snelheid
waarmee de schimmel penicilline produceert. Opname van fenylazijnzuur zal daarom
in industriële stammen van de penicillineschimmel geen enkel probleem vormen.
Secretie van penicilline (Hoofdstuk 6)
Er is op dit moment niets bekend over de manier waarop penicilline door de
penicillineschimmel wordt uitgescheiden. Welk proces  de schimmel hiervoor ook
gebruikt, de samenstelling van de plasmamembraan zal hierbij ltijd een belangrijke rol
spelen. Bij uitscheiding via passieve diffusie moet de plasmamembraan voldoende
doorlatend zijn zodat penicilline niet ophoopt in de cel. Bij een actief
uitscheidingsproces moet de plasmamembraan voldoende ges ot  zijn, anders ontstaat
er cyclus waarbij de uitgescheiden penicilline weer naar binnen gaat. Diffusie van
penicilline G en V werd onderzocht in liposomen gemaakt van verschillende lipiden
waarin eventueel cytochrom-c xidase werd ingebouwd. Deze studies lieten zien dat
penicilline snel membranen kan passeren via passieve diffusie.
Ergosterol is één van de meest voorkomende sterolen in schimmels
(vergelijkbaar met cholesterol in mensen). M estal maken sterolen membranen meer
geordend, stroperig en minder doorlatend voor allerlei verbindingen. Toevoeging van
ergosterol aan liposomen had een heel duidelijk effect op de diffusie van penicilline.
In liposomen met een hoge concentratie ergosterol was de diffusie van penicilline sterk
afgenomen (soms meer dan 98% afname). Analyse van de plasmamembraan liet zien
dat deze 20-25 mol% sterol bevat, voldoende om diffusie van met name penicilline G
sterk te beperken. Biosynthese en inbouw van sterolen in membranen zijn dus
processen die een belangrijke rol kunnen spelen in de productie van penicilline. Er
werd onder verschillende omstandigheden geen opname van penicilline G in cellen of
in protoplasten waargenomen. Dit zou kunnen betekenen dat de plasmamembraan van
de penicillineschimmel go d gesloten is voor penicilline G en dat deze verbinding via
een actief transportproces wordt uitgescheiden.
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Tot besluit
Dit onderzoek heeft geresulteerd in een aantal belangrijke gegevens over
transportprocessen die direct of indirect betrokken zijn bij de biosynthese van
penicilline. Een kritische beschouwing van alles wat op dit moment bekend is over
transport in de penicillineschimmel en andere filamenteuze schimmels maakt duidelijk
dat er nog veel belangrijke informatie ontbreekt. Om meer inzicht te krijgen in de rol
van de transportprocessen in de productie van penicilline door de penicillineschimmel
zal toekomstig onderzoek niet alleen op de plasmamembraan gericht moeten worden.
De schimmelcel maakt bij het vormen van penicilline gebruik van een specifiek
organel, de microbody. In deze microbody vindt de laatste biosynthese stap in de
vorming van penicilline plaats. Onderzoek aan dit organel zal zonder twijfel leiden tot
nieuwe inzichten in de fysiologie van  penicillineproductie en misschien aanwijzingen
opleveren over de manier waarop penicilline wordt uitgescheiden door de schimmel.
Over de uitscheiding van penicilline en de  rollen van de plasmamembraan en
microbody in dit proces is nog niet veel bekend. Van alle transprocessen die betrokken
zijn bij de productie van penicilline lijkt dan ook de uitscheiding van pennicilline op
dit moment de meest relevante en interessante om te onderzoeken.
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